On-surface fabrication of functional molecular nanomaterials by Skidin, Dmitry
Faculty of Mechanical Science and Engineering Institute of Materials Science
Chair of Materials Science and Nanotechnology
On-surface fabrication of functional
molecular nanomaterials
Dmitry Skidin
Born on: 16th November 1990 in Sumy, USSR
Dissertation
to achieve the academic degree
Doktoringenieur (Dr.-Ing.)
First referee
Prof. Dr. Gianaurelio Cuniberti
Second referee
Prof. Dr. Kornelius Nielsch
Submitted on: 27th September 2018
Defended on: 12th April 2019

Abstract
Polycyclic organic molecules and their derivatives present the class of nanostructures that
are currently in the focus of scientific research due to their perspectives for the versatile ap-
plications in molecular and organic electronics. To exploit their unique properties to full
extent, one has to understand the behavior of molecular systems at the nanoscale and
to develop a set of fabrication methods. In this work, molecular nanostructures are fab-
ricated using the bottom-up on-surface synthesis approach, which allows precision of the
desired products and control over their properties through careful precursors design. To
study the reaction flow and the properties of the formed structures, scanning tunneling mi-
croscopy (STM) at low temperature and in ultra-high vacuum is the tool of choice. In this
work, three molecular systems are studied in detail, with the focus of fabricating atomically
precise nanostructures with tailored properties.
A cyclodehydrogenation reaction is successfully applied to synthesize an asymmetric star-
phene molecule in the first part of the work. It is then shown that this molecule can function
as a unimolecular NAND logic gate with its response to the attached single Au atoms mea-
sured as the position of the electronic resonance. A combination of the atomic and molecu-
lar lateral manipulation with the STM tip and scanning tunneling spectroscopy (STS) is used
to demonstrate this behavior. The effect of the controllable shifting of the molecular reso-
nances is due to the asymmetric shape of the starphenemolecule and was initially predicted
theoretically.
More complex structures, molecular wires, are presented in the second part of the work by
using the surface-assisted Ullmann coupling reaction. The monomer unit, consisting of the
alternant donor and acceptor parts, was specifically designed to achieve highly-conductive
flexible molecular wires. The conductance is measured by pulling the single wires with the
STM tip off the surface. Theoretical calculations of the complex band structure of the wires
confirm the obtained results and support the discussion of the importance of the balance
between the strength of acceptor and donor units for the conductance of the resultant wires.
Based on this, some model structures are proposed.
Finally, the last part deals with a unimolecular reaction to create an anomalous combina-
tion of pentagon and heptagon rings in a single organic molecule. Such 5-7 moieties are
analogous to the Stone-Wales defects in graphene and may significantly alter the electronic
properties. The precise intramolecular structure of the reaction products is unambiguously





Polyzyklische organische Moleküle und deren Derivate sind eine Klasse von Nanostrukturen,
die wegen diverser möglicher Anwendungen in molekularer und organischer Elektronik viel
Aufmerksamkeit in der Wissenschaft erregt haben. Um ihre einzigartigen Eigenschaften in
vollem Umfang auszunutzen, muss man das Verhalten von molekularen Systemen auf der
Nanoskala verstehen und eine Reihe von Herstellungsverfahren entwickeln. In dieser Arbeit
werdenmolekulare Nanostrukturen durch den Bottom-Up-Ansatz der Oberflächensynthese
erzeugt. Als Untersuchungsmethode gilt Rastertunnelmikroskopie (STM) bei tiefen Tempe-
raturen und im Ultrahochvakuum als Werkzeug der Wahl. Drei verschiedene molekulare
Systeme werden ausführlich erforscht, mit dem Ziel organische Nanostrukturen mit gewün-
schten Eigenschaften und atomarer Präzision zu erzeugen.
Im ersten Teil dieser Arbeit wird eine Cyclodehydrierungsreaktion erfolgreich für die Syn-
these von asymmetrischen Starphen verwendet. Es wird dann gezeigt, dass dieses Molekül
als unimolekulares NAND-Logikgatter fungieren kann. Dabei wird die Positionierungsän-
derung der elektronischen Resonanz nach der Zufügung einzelner Goldatome an die In-
puts des Moleküls gemessen. Eine Kombination aus atomarer und molekularer Lateralma-
nipulation mithilfe der Spitze des Rastertunnelmikroskops sowie Rastertunnelspektroskopie
wird verwendet, um dieses Verhalten zu demonstrieren. Die steuerbare Verschiebung von
molekularen Resonanzen entsteht wegen der asymmetrischen Form des Starphens und
wurde theoretisch vorhergesagt.
Molekulare Drähte werden im zweiten Teil der Arbeit durch die oberflächenassistierte
Ullmann-Kupplung hergestellt. Ihr Baustein besteht aus abwechselnden Donor- und Akzep-
torgruppen und wurde speziell vorgesehen, um leitfähige flexible molekulare Drähte her-
zustellen. Die Leitfähigkeit wird durch Ziehen einzelner Drähten von der Oberflächen mit
der STM-Spitze gemessen. Theoretische Berechnungen der komplexen Bandstruktur der
molekularen Drähte bestätigen die experimentellen Ergebnisse und unterstützen dabei die
Wichtigkeit der Balance zwischenAkzeptor- undDonorgruppen für die Leitfähigkeit derDräh-
te. Basierend auf diesen Resultaten werden neue Strukturen zur Herstellung vorgeschlagen.
Der letzte Teil befasst sich schließlich mit einer unimolekularen Reaktion, die zur Erzeu-
gung einer anomalen Kombination von Pentagon- und Heptagonringen in einem einzelnen
organischen Molekül führt. Solche 5-7-Einheiten sind analog zu Stone-Wales-Defekten in
Graphenund können elektronische Eigenschaften beachtlich ändern. Die exakte intramoleku-
lare Struktur der Reaktionsprodukte wird durch hochauflösende STM-Bildgebung mit funk-





2 Principles of scanning tunneling microscopy 5
2.1 Scanning tunneling microscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.1.1 General principle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.1.2 Theoretical treatment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.2 Scanning tunneling spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
3 On-surface chemistry 11
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
3.2 Surface-assisted cyclodehydrogenation . . . . . . . . . . . . . . . . . . . . . . . . 13
3.3 Ullmann coupling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
4 Experimental setup and methods 15
4.1 LT-UHV STM: technical details . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
4.2 Au(111) substrate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
4.3 Sample and tip preparation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
4.4 Measurement details . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
5 Unimolecular logic gate 21
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
5.2 Theoretical background: Quantum Hamiltonian Computing . . . . . . . . . . . . 23
5.3 On-surface synthesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
5.4 Asymmetric starphene characterization . . . . . . . . . . . . . . . . . . . . . . . . 26
5.5 STM manipulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
5.5.1 Au atoms extraction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
5.5.2 Lateral manipulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
5.6 NAND logic gate implementation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
5.7 Other input/output configurations . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
5.8 Extended starphene performance . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
5.8.1 On-surface synthesis of an extended starphene . . . . . . . . . . . . . . 34
5.8.2 Extended starphene characterization . . . . . . . . . . . . . . . . . . . . . 36
5.8.3 Peculiarities of STM manipulation for an extended starphene . . . . . . 37
5.8.4 Extended starphene response to Au atom input . . . . . . . . . . . . . . 38
vii
5.9 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
6 Molecular wires from donor-acceptor-donor monomer units 43
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
6.1.1 Molecular wires . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
6.1.2 Donor-acceptor approach: from organic to molecular electronics . . . . 47
6.2 Deposition of the molecules: monomers and self-assembled networks . . . . . 49
6.3 On-surface reaction activation: intermediate phase . . . . . . . . . . . . . . . . . 51
6.4 On-surface reaction completion: molecular wires . . . . . . . . . . . . . . . . . . 57
6.5 Electronic properties of molecular wires . . . . . . . . . . . . . . . . . . . . . . . 59
6.6 Conductance of molecular wires . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
6.6.1 Experimental protocol . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
6.6.2 Pulling curves analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
6.6.3 Theoretical support: complex band structure calculations . . . . . . . . 65
6.7 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
7 5-7 rings in nitrogen-doped nanographene molecules 73
7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
7.2 On-surface reaction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
7.3 Electronic properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
7.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
8 Conclusions and outlook 83
viii
List of Figures
2.1 General operation principle of STM. . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.2 Representation of STM through tunneling. . . . . . . . . . . . . . . . . . . . . . . 7
3.1 Schematic demonstration of the on-surface chemistry approach. . . . . . . . . 12
3.2 Schematic representation of the reactions discussed in this work with the sim-
ple model precursors. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
4.1 Photograph of the LT-UHV STM. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
4.2 Photograph of the Besocke beetle STM scanner. . . . . . . . . . . . . . . . . . . 17
4.3 STM images of a clean reconstructed Au(111) surface. . . . . . . . . . . . . . . . 18
4.4 Photograph of the sample holder. . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
5.1 Schematic comparison of quantum computation approaches. . . . . . . . . . . 22
5.2 Demonstration of theQHCprinciplewith quantumgraphs andmolecular struc-
tures for the NOR and NAND unimolecular logic gates. . . . . . . . . . . . . . . . 23
5.3 Schematic presentation of the QHC NAND experimental implementation. . . . 24
5.4 Time evolution of the population of the state for the different combinations of
inputs. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
5.5 Schematics of the on-surface reaction to form asymmetric starphene. . . . . . 25
5.6 Deposition of the precursor molecules on the Au(111) surface. . . . . . . . . . . 26
5.7 Comparison of the STM images of themolecular species at the different stages
of the reaction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
5.8 Conformations of the molecules after reaction completion. . . . . . . . . . . . . 28
5.9 Single molecules before and after annealing. . . . . . . . . . . . . . . . . . . . . 29
5.10 Electronic structure of asymmetric starphene. . . . . . . . . . . . . . . . . . . . . 30
5.11 Extraction of Au atoms from the surface by tip indentation. . . . . . . . . . . . . 31
5.12 Lateral manipulation of a single Au atom towards a molecule. . . . . . . . . . . 31
5.13 Manipulation of the molecular states through the Au atom inputs to demon-
strate NAND logic gate functionality. . . . . . . . . . . . . . . . . . . . . . . . . . . 33
5.14 Further curves to support the NAND behavior of asymmetric starphene. . . . . 34
5.15 Demonstration of the functionality of an asymmetric starphene in other in-
put/output configurations. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
5.16 A route to obtain extended asymmetric starphene through on-surface cyclode-
hydrogenation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
ix
5.17 Different steps of reaction to fabricate extended asymmetric starphene. . . . . 37
5.18 Electronic characterization of an extended asymmetric starphene. . . . . . . . 38
5.19 Response of an extended starphene to contacting its input branches with sin-
gle Au atoms. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
5.20 Measuring different input configurations of extended starphenewith the same
tip. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
5.21 Demonstration of the effect of inputting Au atom in the middle of a branch. . . 41
6.1 Transport regimes at nanoscale. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
6.2 Pulling technique for measuring conductance of molecular wires in the STM
setup. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
6.3 Effective lowering of the polymer band gap in the donor-acceptor approach. . 48
6.4 Donor-acceptor-donor molecules for on-surface polymerization. . . . . . . . . 48
6.5 Characterization of a single DPP monomer on the Au(111) surface. . . . . . . . 50
6.6 Tip-induced debromination of a precursor molecule. . . . . . . . . . . . . . . . . 51
6.7 STM images of self-assembled DPP networks. . . . . . . . . . . . . . . . . . . . . 52
6.8 Packing of DPP molecules in the self-assembled dimer rows. . . . . . . . . . . . 53
6.9 Overview STM images of the surface after the annealing step at 200 °C. . . . . 54
6.10 Monomer activation after the thermal treatment of the sample. . . . . . . . . . 55
6.11 The networks formed after annealing at 200 °C. . . . . . . . . . . . . . . . . . . . 56
6.12 STM overview images of the Au(111) surface at the different stages of the sam-
ple preparation to demonstrate the effect of reconstruction lifting. . . . . . . . 57
6.13 Sequence of lateral manipulation of Au-mediated dimer formed after initial
deposition of DPP molecules. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
6.14 Overview STM images of molecular wires formed after annealing the surface
at 260 °C. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
6.15 Assignment of the monomer units to the wire geometries. . . . . . . . . . . . . 60
6.16 Possible orientations of the dimer structures. . . . . . . . . . . . . . . . . . . . . 60
6.17 STM images of the molecular wires with the overlays of different conformeric
dimer structures. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
6.18 STM images of a straight molecular wire measured at different bias voltages. . 62
6.19 Electronic structure of a molecular wire. . . . . . . . . . . . . . . . . . . . . . . . 63
6.20 Vertical position of a tip as a function of time during the pulling experiment. . . 64
6.21 Pulling experiment with a molecular wire. . . . . . . . . . . . . . . . . . . . . . . 65
6.22 Additional pulling curves. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
6.23 Band structure calculation for the case of a polythiophene molecular wire. . . . 67
6.24 Conductance decay of a number of molecular wires as a function of the energy
gap. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
6.25 Conductance decay for a number of molecular wires as a function of the en-
ergy gap and effective mass. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
7.1 Schematic demonstration of the on-surface reaction. . . . . . . . . . . . . . . . 74
7.2 Precursor molecule after deposition on Au(111) surface. . . . . . . . . . . . . . 75
7.3 Annealing the sample at 250 °C: partial reaction. . . . . . . . . . . . . . . . . . . 76
7.4 Annealing the sample at 300 °C: reaction completion. . . . . . . . . . . . . . . . 78
7.5 Spectroscopy of the molecules on different stages of the reaction. . . . . . . . 79
x
7.6 dI/dVmaps of the frontier resonances for themolecules on the different stages




5.1 Average absolute and relative shifts as a function of a number of Au atom
inputs for the extended starphene. . . . . . . . . . . . . . . . . . . . . . . . . . . 40
6.1 Soliton separation of Au(111) surface at different stages of the sample prepa-
ration. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
6.2 Parameters of the different molecular wires determined from the complex




AFM Atomic force microscope




DFT Density functional theory
DOS Density of states
DPP Diketopyrrolopyrrole
ESQC Elastic scattering quantum chemistry
fcc Face-centered cubic
FWHM Full width at half maximum
hcp Hexagonal close-packed
HOMO Highest occupied molecular orbital
HME Hybrid molecular electronics
LDOS Local density of states
LL Load lock
LT Low temperature
LUMO Lowest unoccupied molecular orbital
MCBJ Mechanically controllable break junction
OFET Organic field-effect transistor
PAH Polycyclic aromatic hydrocarbon
PREP Preparation
PSC Polymer solar cell
QHC Quantum Hamiltonian computing
STM Scanning tunneling microscope
STS Scanning tunneling spectroscopy






The ambition to scale down electronic components has driven not only a constant develop-
ment of semiconductor industry [1], but also stimulated an intensive search for alternative
technologies, not based on complementary metal-oxide-semiconductor (CMOS) devices [2].
The miniaturization of the current silicon technology is in fact fundamentally limited due to
the fabricationmethods and reasons associatedwith the short channel effects [3]. All this has
led to the emergence of molecular-scale electronics. Boosted by the seminal work of Aviram
and Ratner, who have theoretically demonstrated that organic donor-acceptor molecules
can exhibit rectifying behavior [4], this field of science has gained a lot of attention in the last
decades [5,6]. The idea to utilize single organic molecules or more complex molecular struc-
tures (self-assembled layers, molecular wires, etc.) as functional electronic units lies on their
ability to conduct current. Integrated into circuits, they would allow a higher device density
due to a smaller size compared to the existing inorganic silicon-based technology. Further
important advantages of themolecular approach include low costs, easier processability and
tunability. Associated fabrication methods are based on the bottom-up approach and thus
allow better control of the size at the subatomic scale.
In the interpretation of molecular electronics envisioned by its pioneers, the existing solid-
state devices should be replaced by their molecular analogues. This approach is called hy-
brid molecular electronics (HME) and has resulted in the successful demonstrations of single
molecules performing the functions of active electronic components, such as switches [7],
rectifiers [8], diodes [9], or the passive ones, such as molecular wires [10]. However, from
today’s perspective the practical implementation of fully molecular circuits remains rather
elusive [11], mostly due to interconnection difficulties. Nevertheless, scientific efforts put
into the development of this HME approach have significantly contributed to the under-
standing of the mechanisms governing the behavior of molecular-scale devices. Thus, for
example, organic electronics and photovoltaics have evolved into industrially relevant tech-
nologies, with their market value expected to reach $75 billion by 2020 [12]. Understanding
the behavior of molecular systems, the identification of suitable materials with outstanding
properties and the demonstration of their functioning as electronic components are the es-
sential steps towards the future developments. Molecular electronics provides thereby an
effective platform for the investigation of fundamental properties of organic molecules at the
nanoscale.
The advent of molecular electronics as a new field of science is closely related to the de-
velopment of scanning tunneling microscopy (STM). The invention of STM in 1981 saw its
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creators Gerd Binning and Heinrich Rohrer [13,14] getting the Nobel prize 5 years later and
revolutionized the investigations of surfaces and adsorbedmolecules both in self-assemblies
and as single objects, in liquid environment and in ultrahigh-vacuum conditions. The possi-
bility to measure electronic properties and to manipulate atoms and molecules makes STM
an exceptional tool for versatile molecular studies.
To achieve functional molecular units with atomically precise structure, well-established
conventional top-down approaches are not applicable. Lithographic methods reach the res-
olution limit, while other techniques don’t guarantee the precision of the down-scaled struc-
tures. That is where the bottom-up approach provides a solution: to construct the desired
molecules or molecular architectures from simple building blocks. On-surface chemistry
emerged at this point as an effective tool for the fabrication of molecular structures with
the required functionalities from the precursor molecules [15–18].
This thesis is structured in the following way. The first three chapters (2-4) are introduc-
ing the different aspects of methods and experimental details, and the next three (5-7) are
presenting and discussing the obtained results. Chapter 2 explains the basics of scanning
tunneling microscopy and spectroscopy (STS), which are extensively exploited for the inves-
tigations of molecular materials. In Chapter 3 the on-surface synthesis approach used for
the fabrication of all the molecular structures in the scope of this work is presented. Next,
the experimental setup as well as the methods used in the thesis are covered in Chapter 4.
The experimental results are presented in the next three chapters, each starting with an
introduction followed by results and discussion. Although each chapter describes a separate
experiment, they are all united by the common idea of on-surface synthesis of molecular
systems relevant for molecular-scale electronics applications.
In particular, in Chapter 5 an intramolecular cyclodehydrogenation (CDH) reaction is stud-
ied to form an asymmetric starphene molecule from a precursor. Then, it is demonstrated,
by the combination of atomic and molecular lateral manipulation and dI/dV spectroscopy
that such asymmetric starphene can behave as unimolecular NAND logic gate. Controllably
extracted and manipulated single Au atoms serve as inputs, when they interact with the
molecular branches. The output is measured as the position of the frontier resonance at
the free, non-contacted branch. The geometric shape of asymmetric starphene leads to the
behavior similar to the NAND logic gate. Thus, a single molecule can perform a logic function
triggered by local perturbations of its electronic states, without the need to pass the current
through the whole molecule.
Chapter 6 is devoted to the on-surface polymerization of the molecular precursor into
long and flexible donor-acceptor molecular wires. The careful balance between the relative
strength of donor and acceptor units in the precursor molecule ensures unprecedentedly
high conductance of the wires, measured by the STM pulling technique and confirmed by
complex band structure calculations. A variety of donors and acceptors is used to theoret-
ically construct the molecular wires and model their conductance properties, emphasizing
the role of the relative strength between the electron-donating and electron-withdrawing
groups in the wires. The on-surface synthesis of the wires is performed by the Ullmann cou-
pling reaction on the Au(111) surface, with a stabilized intermediate metal-organic phase.
Such organometallic step in the Ullmann coupling is not typical for reactions on the Au sur-
face and is attributed to the donor-acceptor nature of the molecules.
Finally, Chapter 7 demonstrates the possibility of formation of the atomically defined non-
alternant hydrocarbons by introducing 5-7moieties in a single nitrogen-doped organicmole-
cule. Embedding such non-hexagonal rings in carbon-based nanomaterials is expected to
affect their electronic and geometric properties, while defined nitrogen doping is known to
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tune the band gap and modulate the performance of the associated devices.
3

2 Principles of scanning tunneling
microscopy
In this chapter, the main principles of scanning tunneling microscopy (STM) and scanning
tunneling spectroscopy (STS) will be explained, with an emphasis on the aspects which are
mostly relevant to this work.
2.1 Scanning tunneling microscopy
Since its invention in 1981 by Binnig and Rohrer [13, 14], STM has become a very valuable
tool for the real space imaging of metallic and semiconductor surfaces and their adsorbates.
Unlike the methods, which existed before, it allows direct non-destructive measurements
of surfaces and molecular structures with atomic precision. Apart from its superb imaging
capabilities, STM also allows studies of electronic properties of surfaces and molecular ma-
terials as well as controlled and accurate positioning of single atoms and molecules [19,20].
2.1.1 General principle
The operating principle of STM is based on the raster scanning of a metallic tip over a sur-
face, which can be either metallic or semiconducting. A tip and a sample form a junction,
with a vacuum region separating them. Tunneling is the physical phenomenon, which allows
for the measurable current flowing between the two electrodes, after bringing them very
close (nanometer range) and applying a bias voltage. The experimental setup is schemat-
ically shown in Figure 2.1a. The position of the tip is controlled by piezoelectric actuators,
enabling motion in x,y-directions on the surface as well as vertical displacements in the z-
direction. The distance between the tip and sample is usually regulated by a feedback loop,
which keeps the current constant. Alternatively, the distance between the tip and the sam-
ple can be kept constant during scanning; this regime facilitates faster measurements, but
is only suitable for flat samples with known geometry.
A signal, recorded in the constant-current mode, corresponds to the vertical displace-
ments of a tip relative to the sample, needed to keep the current constant. For example,
during measuring over a stepped surface a tip is retracted away from the sample as soon
as it meets the step, because the current value is larger at a higher sample part. The fact
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Figure 2.1: General operation principle of STM. (a) Schematic setup showing a tip scanning
over a surface, with the bias voltage applied between a tip and a sample and the feedback
system controlling the relative height of the tip. (b) Dependence of the tunneling current on
the distance between a tip and a sample is exponential, thus, every separation change of 1 Å
leads to a current change of approximately one order of magnitude. The practical operation
range is outlined in yellow.
that the tunneling current depends exponentially on the distance (Figure 2.1b, analytic ex-
pression will be shown later) allows the very precise identification of any irregularities of the
sample. At a first glance, the signal measured in this way (which is often referred to as to-
pography) corresponds to the height map of the sample. This is, however, not completely
correct as the tunneling current is proportional to the density of states of the sample. Thus,
the measured signal is a combination of both topographic and electronic contributions.
2.1.2 Theoretical treatment
To describe the STM operation theoretically, one needs to consider a tunneling junction
with a tip and a sample forming two electrodes and vacuum between them as a potential
barrier. By solving the Schrödinger equation, the wave functions in the different regions
of the junction can be obtained. In the simplest case, the potential barrier is modeled by
the one-dimensional rectangular barrier (Figure 2.2a). This is a typical problem of quantum
mechanics, describing an electron of energy E penetrating through the barrier of height V0 >
E. In terms of classical physics, the overcoming of such a barrier is not possible. However, in
quantum mechanics, an electron, characterized by the wave nature, has a finite probability
of being found behind the barrier. The wave function, which has an oscillating behavior
in the vacuum barrier-free regions, decays exponentially in the barrier region. To obtain
the transmission factor, i.e. the probability of an electron to pass through the barrier, the
probability to find an electron in region III has to be divided by that of region I. Such probability
is represented by the absolute square of the respective wave functions. The resulting wave
functions are plane wave solutions of the Schrödinger equation, with the preexponential
coefficients obtained using the wave-matching method. The transmission factor determined
this way is












where E is the energy of an incoming electron, V0 - height of a potential barrier, d - width of
a barrier, m - mass of an electron and } - Planck’s constant.
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Figure 2.2: Representation of STM through tunneling. (a) A simple quantum-mechanical prob-
lem of an electron tunneling through one-dimensional rectangular potential barrier. (b) En-
ergy diagram of tunneling between a tip and a sample in STM. In this scheme, a small positive
bias is applied to the sample, which results in lowering of its Fermi level and thus tunneling
from the occupied states of the tip into the unoccupied states of the sample.
In this approximation, the transmission factor corresponds to the tunneling current be-
tween tip and sample. Equation 2.1 makes an exponential dependence of the current with
distance evident. Moreover, it also shows that current decreases exponentially with the
square root of V0 – E. Considering a metal, the energy E can be related to the Fermi en-
ergy EF , while V0 corresponds to the vacuum level energy. Therefore, the term V0 – E can be
replaced by the work function of a metal Φ. For noble metals, for example, Φ equals 4 - 5 eV,
which after plugging into the Equation 2.1 results in the exponential factor of approximately
-4d [Å]. This dependence is plotted in Figure 2.1, for the case of Φ = 4 eV and without taking
into account the preexponential factor.
Although the above described wave-matching method predicts an exponential depen-
dence of the tunneling current, it does not take into account tip and sample explicitly. This
drawback can be overcome by applying the approach of Bardeen, who generalized the prob-
lem by considering two separate systems: tip with a barrier and sample with a barrier [21].
The Schrödinger equation can be then solved separately for the two systems to obtain their
electronic states. Tunneling is then considered as scattering from the initial (tip) states to
the final (sample) states using time-dependent perturbation theory. In the approximation
of zero temperature, filled states of both tip and sample are located below the respective
Fermi level, while the empty ones are above (Figure 2.2). With bias voltage applied to the
sample, its Fermi level is shifted, opening the way for tunneling electrons to be transferred
from one electrode to another. If a positive bias is applied to the sample, the tunneling is
from the occupied states of the tip to the unoccupied states of the sample. It occurs only in
the energy window of the size eV .
To describe the transfer electrons from one electrode to another (tip to sample in our
case), Bardeen used the Fermi’s golden rule applied to the problem of tunneling. For the
transition rate from the tip states i to the sample states f , it results in
wi–>f = 2π} ∑
i,f
| Mf i |
2
δ(Ef – Ei), (2.2)
where Mf i denotes tunneling matrix element from state i to state f , and δ(x) is a Dirac delta
function. Matrix element depends explicitly on the wave functions of the tip and the sample
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in the following way:





ψtip,i(r)∇ψ∗sample,f (r) – ψ∗sample,f (r)∇ψtip,i(r)
)
dS, (2.3)
where the integral is taken over the so-called tip-sample separation surface. An expression
for the tunneling current is obtained by multiplying the rate by the electron charge and the





| Mf i |
2
δ(Ef – Ei), (2.4)
To simplify this rather complex formula and to endue it with physical significance, several
approximations exist. In the energy-dependent approximation, it can be shown that the tun-
neling current is proportional to the density of states of tip and sample. Using the properties





ρtip(ε – eV )ρsample(ε) | M(ε) |
2
dε, (2.5)
where ρ denotes the density of states, and tunneling matrix element is as shown in formula
2.3, but also dependent on energy ε.
Another important approximation was obtained by Tersoff and Hamann [22]. Their idea
was to include realistic tip and surface wave functions and to insert them explicitly into the
expression for the tunneling matrix element. While for the surface wave function the con-
ventional plane wave expansion can be used, the tip wasmodeled by a spherically symmetric
s-wave. Thus, Tersoff and Hamann showed that, at small voltages and with a tip positioned




| ψn(rt) |2 δ(En – Ef ) ≡ ρsample(EF , rt) (2.6)
The expression under the sum sign is by definition the density of states of the sample at the
Fermi level EF and at the position of the tip rt , otherwise known as local density of states
(LDOS). From this formula it follows that the STM signal is a convolution of LDOS of the sam-
ple.
The Tersoff-Hamann approximation, although allows a relatively easy determination of
tunneling current, does not take into account the complex geometry of the full tip-adsorbate-
substrate system. A tip modeled by an s-wave is in many cases an oversimplification. More-
over, the Tersoff-Hamann approach is only valid for large tip-sample distances. Several other
theoretical methods have been developed in the recent years to simulate the STM images in
a more precise and reproducible way. Among them it is worth to mention the Elastic Scat-
tering Quantum Chemistry (ESQC) approach, developed by Sautet and Joachim [23]. It treats
tunneling between a tip and a substrate as a scattering event, can include complex geome-
tries of the system and has proved to reliably simulate the experimental STM images [24,25].
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2.2 Scanning tunneling spectroscopy
Apart from imaging, scanning tunneling microscope can be used to obtain spectroscopic
information of surfaces and adsorbates. Scanning tunneling spectroscopy allows the identi-
fication of the resonant states, or the energy levels of the studied systems. By sweeping bias
voltage V in the range of interest andmeasuring the corresponding current I (or its derivative
dI/dV ), one can determine the positions of increased conductance, which are related to the
electronic resonances.
As follows from the Equation 2.5, the tunneling current is proportional to the density of
states of tip and sample. By adding a small voltage dV to the junction additional current dI





ρtip(0)ρsample(eV )T (eV , V , d), (2.7)
where the tunneling matrix element is substituted with the transmission factor T (eV , V , d). In
the simplest approximation, the transmission factor as well as the density of states of the tip
do not depend on voltage, which results in the proportionality of differential conductance
dI/dV to density of states of the sample:
dI
dV
∝ ρsample(eV ) (2.8)
Assumption of the flat density of states of the tip is important for the interpretation of the
signal. To ensure it experimentally, only well-defined metallic tips are used: on Au(111) this
is evidenced by the presence of the surface state at around -0.5 V as the only pronounced
resonance [26].
During STS measurements the tip is usually stabilized at certain offset parameters (tun-
neling current and bias voltage), after that the feedback loop is disabled. Then, bias voltage
is consistently changed within some interval. As the feedback is not active, the current is
measured as a function of the applied bias, with the z-position of the tip fixed. The simplest
way to obtain a dI/dV vs.V curve is to perform numerical differentiation of the measured I –V
curve. A more precise way, however, involves using a lock-in amplifier. Bias voltage is then
modulated with a small sinusoidal component, such that V = V0 + Vmodsin(wt), where Vmod is
usually in the order of 10 - 40 mV. As a result of such modulation, the resulting current can
be expressed as:












(wt) + ... (2.9)
Here, the tunneling current was expanded using Taylor series around V0. The higher order
components (n > 2) can be decomposed by trigonometric power reduction formulas into
the sinusoidal terms of larger frequencies (nw for the n-th component). As the first term is
simply a value of the current at unmodulated voltage, the total current is then proportional to
the first derivative dI/dV . The lock-in amplifier can thus be considered as a bandpass filter as





can be measured by multiplying the reference signal by 2 and thus extracting the
third term in Equation 2.9. This is the basis of inelastic electron tunneling spectroscopy,
used to measure vibrational excitations of the adsorbates [27].
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The spatial distribution of a certain resonance can be obtained by performing the so-called
dI/dV mapping. It is a combination of imaging and spectroscopy techniques, which allows
measuring the topography signal and dI/dV signal at each point simultaneously. The bias
voltage set is the one corresponding to the position of the resonance of interest and the
modulation is turned on during the measurement. The obtained dI/dV map reveals the dis-
tribution of the resonance intensity over the adsorbate area.
Spectroscopic resolution is mostly dominated by the thermal broadening, which is equal
to δE ≈ 3kBT , and thus can be significantly improved by doing experiments at cryogenic
temperatures. For example, at 300 K, the full width at half maximum (FWHM) of a Gaussian-
like peak is approximately 80 meV, while at 5 K it is around 1.5 meV. Apart from the thermal
effect, instrumental broadening also takes places as a result of using lock-in modulation.
Broadening due to the modulation voltage is approximately 2eVmod and can be neglected
when the Vmod is smaller than the absolute value of the spectroscopic peak [28].
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3 On-surface chemistry
The concept of on-surface chemistry, actively used throughout the whole work, is introduced
in this chapter. The general principles and specific reactions details are provided for the
relevant mechanisms.
3.1 Introduction
On-surface chemistry has emerged as a powerful approach to synthesize versatile molecular
architectures with atomically precise structure and tailored properties [15–17]. Confined on
the metallic substrate, precursor molecules can undergo reactions, which are often not pos-
sible by the conventional solution chemistry. The catalytic activity of a surface significantly
lowers the activation energy for a reaction. Another big advantage is the possibility to fabri-
cate and study long molecular wires and two-dimensional networks, which could not be de-
posited as a whole due to their large molecular weight [29]. Such covalent architectures are
stable and irreversible, and promote electron transport, in comparison to the self-assembled
frameworks. The fast development of on-surface chemistry owes to the high-resolution pos-
sibilities of STM and AFM, which allow the precise identification of themolecular structures at
the different stages of the reaction process. Modern advancesmake it possible to determine
the exact positions of the atoms within the molecules and even measure the bond lengths
of polycyclic aromatic hydrocarbons [30].
There are currently many studies of the on-surface reactions on different surfaces. Most
of them focus on noble metal surfaces, namely, Au(111), Ag(111) and Cu(111), with the other
crystallographic orientations also being investigated. This is mainly due to their catalytic ac-
tivity and diffusivity (mobility). For the successful implementation of on-surface reactions,
the balance between diffusion (adsorption energy) and catalysis (reactivity) should be re-
spected [16]. For example, copper surfaces are the most reactive, but at the same time they
are the least diffusive among the three. Gold surfaces, moderate in both reactivity andmobil-
ity, are an obvious choice for many on-surface chemistry studies. The importance of catalytic
activity of the surface has been demonstrated, for example, by studying the same reaction
on metal and graphite surfaces. When performed on silver and copper substrates, the Ull-
mann reaction (which will be introduced in the following) led to the formation of extended
networks, while it resulted only in desorption of molecules on graphite [31]. After significant
advances have been achieved with reactions on metals, the field of on-surface chemistry on
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semiconductor and insulator surfaces is developing into a perspective research line [32,33].
The general principle of on-surface chemistry is shown schematically in Figure 3.1. In the
first step, the precursor molecules are sublimated onto the surface. In the scheme shown
here, molecules are depicted as a central board functionalized with two end groups (blue)
through σ-bonds (red). After the sublimation, the molecules might self-assemble into some
regular weakly-bonded networks, stabilized by electrostatic interactions. But in a general
case, they simply physisorb, occupying single energetically favorable positions on the sur-
face. Quite often they adopt non-flat configuration depending on their steric properties. To
induce a reaction, a sample is then annealed. After that, there are two possibilities as shown
in Figure 3.1: I) single molecules undergo structural changes through intramolecular reac-
tion; II) molecules connect with each other to form one- or two-dimensional architectures
through intermolecular reaction. The energy for triggering a reaction can be supplied not
only through annealing, but also by applying voltage pulses with STM tip or irradiating with
UV light. However, the latter approaches are not effective at a large scale and can be only
used locally.
Figure 3.1: Schematic demonstration of the on-surface chemistry approach. Molecules are
sublimated onto the surface, where they can adsorb in different configurations. Further
annealing can lead to intramolecular (I) or intermolecular (II) reactions.
The reactions that are the subject of this work are concerned with the formation of new
carbon-carbon bonds by thermally-induced scission of an atom attached to carbon in a pre-
cursor molecule. The first type, cyclodehydrogenation, deals with the removal of hydrogen
atoms to produce radical sites and is an intramolecular reaction. The formed radicals fa-
cilitate the creation of new C-C bonds. In the second type, known as Ullmann coupling,
molecules are equipped with halogen atoms, which are cleaved after thermal treatment.
Similarly to cyclodehydrogenation, new C-C bonds form in place of the removed atoms. This
is an example of an intermolecular reaction, which leads to polymerization into molecular
wires or covalent 2D networks, depending on the symmetry of the precursor molecules. The
importance of these reactions not only for the field of surface chemistry, but for many other
related science and technology disciplines can be emphasized by the fact that their com-
bination allowed the first ever fabrication of atomically precise graphene nanoribbons [34].
This in turn opened up tremendous opportunities for research as well as the development




Surface-assisted cyclodehydrogenation, albeit one of the simplest on-surface reactions, pro-
vides access to a large variety of molecular systems, which are not possible to synthesize
in solution. This reaction is known from heterogeneous catalysis, as platinum group met-
als are well-suited to cleave C-H bonds. Confinement to the surface allows new routes,
not accessible in solution. Prominent examples of successful applications include the al-
ready mentioned graphene nanoribbons [34], fullerenes [37], molecular domes [38] and
nanographenes [39].
Schematically, the reaction is shown in Figure 3.2a. It implies C–C coupling between the
carbon atoms from the neighboring C–H groups of an organicmolecule, which is possible due
to the removal of hydrogen atoms upon annealing. In this way, cyclization can be achieved
on the surface.
Figure 3.2: Schematic representation of the reactions discussed in this work with the simple
model precursors. (a) Cyclodehydrogenation: a newly formed C-C bond is highlighted in red.
(b) Ullmann coupling: X = I, Br, Cl; after the halogen atoms are cleaved, a new C-C bond is
formed between the reagents (also in red).
Themechanismof the reactionwas elaboratedwith the help of DFT calculations byM. Treier
et al. [39]. They demonstrated the selectivity of the process and identified stable interme-
diates by studying dehydrogenation of polyphenylene precursors on Cu(111). They also
showed, for example, that hydrogen atoms oriented towards the metal atoms of the sur-
face have a lower activation energy compared to the ones oriented in-plane (parallel to the
surface), thus explaining the selectivity and the role of a catalytic substrate. In total, calcu-
lations revealed six intermediate states, not all of which are, however, stable enough to be
imaged by STM.
It is worth mentioning, that not only by annealing can cyclodehydrogenation be achieved,
but also by applying voltage pulses with STM tip or simply by scanning at high voltage [40,41].
3.3 Ullmann coupling
During the last decade Ullmann coupling proved to be the most useful reaction in the on-
surface synthesis field. Inspired by the Cu-catalyzed iodobenzene reaction to form biphenyl
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in solution chemistry [42], it was first demonstrated on a copper surface by S. W. Hla et al.
using STM tip [43]. An important milestone was the demonstration of the applicability of
this reaction for the fabrication of molecular wires by L. Grill et al. [44]. Following this sem-
inal work, many groups have studied this reaction in detail with a large variety of molecular
precursors on many different surfaces [45].
The main idea behind the Ullmann reaction is to use halogenated monomers to promote
covalent C-C coupling through thermally-induced dehalogenation (Figure 3.2b). The energy
of carbon-halogen bonds is lower than that of carbon-hydrogen bonds, therefore the halo-
gens can be cleaved earlier (i.e. at lower temperature). Annealing also facilitates the diffusion
of dehalogenated (activated) molecules to bring them to the positions favorable for polymer-
ization.
Typically, dehalogenation temperature is higher for the Au surface in comparison to the Ag
and Cu surfaces, on which it can occur already at room temperature [46,47] or even below
room temperature for the substrates with decreased coordination of surface atoms [48].
This is due to the lower catalytic activity of gold. As for the differences between halogen
atoms, it is easier to cleave I and more difficult - Cl, in comparison to Br [45]. The detached
halogen atoms can be sometimes observed on the surface after the activation step, but they
desorb completely by further annealing. In some cases, when the size of a molecule is large
and thus a higher sublimation temperature is required, dehalogenation can occur already in
the crucible before molecules are deposited on the surface [44].
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4 Experimental setup and methods
This chapter deals with the experimental details including the operational features of the
LT-UHV STM used for the measurements in this thesis, peculiarities of single-crystal Au(111)
used as a substrate and the procedures of its preparation for the molecules investigation.
Measurement details are also shortly discussed.
4.1 LT-UHV STM: technical details
All the experiments in this work were performed with a custom-built LT-STM Createc oper-
ating in UHV [49]. The system consists of three chambers, namely load lock (LL), preparation
(PREP) and STM itself, where the functional part, i.e. a tip and a sample, is located (Figure 4.1).
The first two chambers serve for the transfer and preparation of the samples, respectively.
STM and PREP are constantly evacuated using the combination of ion-getter and titanium
sublimation pumps to achieve a base pressure below 10–10 mbar. Ultra-high vacuum con-
ditions are crucial to provide the cleanliness of the samples. LL chamber is connected to
a turbomolecular pump, which allows to achieve pressure of 10–9 mbar. PREP chamber is
connected to both LL and STM via metallic valves. A manipulator stick is used to transfer the
samples between PREP and STM chambers. The former one has also a storage to accommo-
date the samples, which are currently not used. A transfer stick of LL is used for bringing the
samples to the vacuum system from outside. After inserting the sample into LL, the chamber
is evacuated to allow the opening of the valve to PREP and subsequent sample transfer. The
pressure in each chamber is monitored by hot-filament ionization gauges. Additionally, mass
spectrometer, sputter gun and Knudsen cell evaporator are attached to the PREP chamber
for monitoring gas composition, cleaning the substrates and depositing organic compounds,
respectively.
The STM chamber consists of a scanner (or head) and a two-stage cryostat, the outer filled
with liquid nitrogen and the inner with liquid helium. The shielding of the inner cryostat
allows to lower the helium consumption: the system can operate at least 72 hours without
refilling. The STM scanner design is of Besocke beetle type [50]. A photograph of the scanner
is shown in Figure 4.2. A tip is attached to the scanner, which can move in three directions,
while a sample always stays put. Three outer piezoelectric tubes control the coarse vertical
movement of the scanner mounted on the metal plate through slip-stick motion as their
bending is governed by the applied voltage. The central main piezo is directly connected to
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Figure 4.1: Photograph of the LT-UHV STM used in this work. The main components are
marked and discussed in the text.
the STM tip (not present on the photograph) and is responsible for the fine approach. During
the scanning, lateral motion in the (x,y) plane is achieved by the outer piezo and the vertical
one in the z direction - by the main piezo. Such decoupling allows to reduce the noise level.
For the best resolution and lowest drift, the STM is designed in a way to eliminate the
sources of noise as much as possible. The whole machine is standing on the four pneumatic
feet to decouple the system from the mechanical vibrations. The STM scanner itself is held
by three stainless steel springs, which are mounted on the helium cryostat. This helps to
isolate it vibrationally and electronically from the rest of the system. Eddy current damping
is also used with the help of the magnets attached to the bottom of the STM head.
To perform the scanning, a tip needs to be brought towards the sample until the tunnel-
ing current is detected. This normally corresponds to a tip-surface distance of about 5-10
Å depending on the offset parameters. The approach is done in two steps: first, the coarse
approach for bringing the tip very close to the sample, and then, the fine approach for estab-
lishing the operating distance by checking the tunneling current after each small step. The
bias voltage is applied to the sample. Most of the measurements are performed in the con-
stant current mode, which implies the use of a feedback loop. The current signal measured
at each moment is compared to the set point, and the height of the tip is adjusted accord-
ingly to keep the current constant. The tunneling current values lie in the range between 1
pA and 1 nA, the signal is amplified with a gain of 109 V/A. The vertical resolution of STM is
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Figure 4.2: Photograph of the Besocke beetle STM scanner showing its components. The
outer piezos control themotion of themetal plate in the coarse regime, while the inner piezo
is used for the fine approach. A tip (not shown here) is attached to the tip holder, which is
mounted directly on the inner piezo. During the measurements a sample is put on the table,
with its ceramic plate contacted to the contacts of the STM head shown in the bottom part
of the image. Photograph by J. Krüger.
limited by the stability of the system and sensitivity of the piezoelements and is in the order
of 1 pm. The lateral resolution is around 1 Å (as evaluated from the well-resolved images)
and can be still slightly improved by the tip functionalization.
4.2 Au(111) substrate
In all the experiments described in this thesis, we used the (111) facet of single-crystal gold
as a substrate. The crystal structure of gold is face-centered cubic (fcc), with the lattice con-
stant of 4.08 Å [51]. The Au(111) surface, widely employed in the STM studies, undergoes
the so-called herringbone reconstruction [52]. In the upper layer of Au atoms, there is one
extra atom per unit cell (consisting of 22 atoms in the bulk layers) compared to the other
layers, forming the (23 x
√
3) reconstruction. This leads to the contraction and formation of
ridges separating fcc and hcp domains, which extend over a long range (Figure 4.3). These
transition areas are called soliton lines and can be used to determine the crystallographic
directions, as they are propagating in (112) directions. The fcc sites are wider and energet-
ically more favorable for the adsorption of molecular species than hcp sites [53]. The kinks
of the herringbone reconstruction are often referred to as elbow sites and are the preferred
positions for the adsorbates. The height of the soliton lines is around 0.22 Å, while the height
of a monoatomic step is more than 10 times larger and equals 2.35 Å.
Spectroscopically the Au(111) surface is characterized by the Shockley surface state which
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Figure 4.3: STM images of a clean reconstructed Au(111) surface. (a) Overview image showing
the characteristic herringbone reconstruction. U = 0.5 V, I = 80 pA, 50 nm x 50 nm. (b)
Atomically resolved image with functionalized tip showing the positions of Au atoms in the
topmost layer. U = 0.1 V, I = 50 pA, 3 nm x 5 nm.
appears at -0.52 V [26]. This feature is often used to verify the metallic nature of a tip.
4.3 Sample and tip preparation
A single crystal Au(111) sample is mounted on the sample holder (Figure 4.4), which is de-
signed in a way that allows a relatively easy transfer with the manipulator. The sample sits on
the heating oven, which has a thermocouple and heating contacts coupled to the ceramic
backplate. This contact plate interacts with the contacts of the manipulator to heat the sam-
ple and is also used to apply the bias voltage when inside STM (sample contacts of STM can
be seen in Figure 4.2). Additionally, the manipulator with the sample attached can also be
cooled down with liquid nitrogen to 77 K or with liquid helium to about 8 K.
As already mentioned, all sample preparation steps are taken in the PREP chamber. A
sample is fixed on the manipulator, which allows the lateral motion of the sample in all three
directions and rotation of 360° around its axis. Before the deposition of the molecules, a
substrate has to be cleaned. The standard procedure for the Au(111) includes the following
steps:
• sputtering with Ne+ or Ar+ ions for 10 minutes
• annealing at 450 °C for 10 minutes
• flashing to 500 °C
The first two steps are usually repeated two or three times, depending on the condition of
the substrate, i.e. the level of contamination caused by the preceding experiment.
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Figure 4.4: Photograph of the sample holder. Crystal metal sample is mounted on the heating
oven, which has contacts to the back ceramic plate. Contacts on this plate are used both
when attached to the manipulator and when on the table inside STM.
After the sample is cleaned, molecular materials can be deposited in the desired coverage.
For that, a glass crucible of the evaporator is heated to the desired temperature. A change
of the pressure in the PREP chamber is the main indicator of the ongoing sublimation. As
all experiments were performed on a single-molecule level, a submonolayer coverage is de-
sired.
The evaporator, a commercially available Kentax system, accommodates four crucibles
that can be heated independently. When the desired molecular flux is achieved (as reflected
in pressure), the shutter of the evaporator is turned to open one of the crucibles. At the
same time, the sample position is adjusted with the manipulator to allow the molecular flux
to reach the surface. Sublimation time is usually not more than one minute.
As soon as the molecules are deposited onto the surface, the sample is transfered to the
STM chamber without breaking the vacuum. It is then cooled down in two steps. First, down
to 77 K using manipulator cooling with liquid nitrogen, and then, directly to 5 K by releasing
it onto the sample table inside the STM. The STM itself is coupled to the bath cryostat that
keeps it always at liquid helium temperature.
As a tip we used an electrochemically etched tungsten wire, which was additionally flashed
inside the UHV chamber to remove the oxide layer. Sharpening of a tip is achieved by re-
peated indentation on a clean spot of the gold surface.
4.4 Measurement details
For imaging, the constant current mode was used if not otherwise stated. The constant
height regime was only employed for high-resolution imaging with CO-functionalized tip. The
obtained STM images were analyzed with the freeware Gwyddion [54].
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Spectroscopy measurements were usually done in the constant height regime. A tip is
positioned at a certain height, determined by the offset parameters, and the feedback loop
is disabled. The bias voltage is then sweeped in the range of interest, with the current mea-
sured at each time point. A lock-in amplifier with modulation frequency of 833 Hz and mod-
ulation amplitude of 10 - 40 mV was used for measuring the differential conductance signal.
dI/dV mapping was always done at the constant current mode.
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5 Unimolecular logic gate
This chapter is devoted to the on-surface synthesis of the asymmetric starphene and to the
demonstration of its functioning as a unimolecular NAND logic gate. Theoretical consider-
ations preceding the molecular design are shortly introduced at the beginning, while the
details of the experimental implementation are thoroughly discussed in the following. In the
last part, an extended starphene is tested as a potential candidate for a unimolecular logic
gate.
5.1 Introduction
The need to scale down electronic circuitry boosted the development of molecular-based
functional electronic units, logic gates among them. Generally speaking, a logic gate is a
device that takes one or several binary inputs and returns a binary output. Since the very
early times of molecular electronics [4], the idea of implementing logic (Boolean) functions
with the smallest materials possible, molecules and atoms, has inspired a lot of research in
this direction. Already in 1984, Carter proposed the idea of embedding the whole complexity
of a logic gate in a singlemolecule [55]. It was followed by Aviram [56] and later by Ellenbogen
and Love [57]. All these early theoretical studies relied on the design of molecular structures
starting from the classical principles of circuit architectures such as Kirchhoff laws. However,
the electron transport at the molecular level does not obey the classical laws [58,59].
Initially, the classical electric circuit diagramapproach has been tested, but it proved unrea-
sonable as the transport in the molecules is governed by quantum-mechanical effects [59].
In a classical architecture, molecular elements (such as switches, rectifiers, transistors) are
to be connected by long metallic nanowires. This approach suffers from the absence of an
effective molecular transistor with a large power gain [60]. Alternatively, metallic nanowires
can be replaced by molecular wires binding to the molecular elements with specifically de-
signed chemical groups. For implementation of large unimolecular circuits, however, the
value of current will be very low (in the pA range) due to its exponential decay with length
characteristic for tunneling regime, which is a governing transport mechanism.
Therefore, for an effective realization of amolecular logic gate, quantumarchitectures have
to be designed [61]. In this regard there are also two possibilities: with or without qubits
(Figure 5.1). Both of these approaches operate in the quantum state space and measure a
response of a system (molecule) as time evolution described by its Hamiltonian. In the stan-
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dard quantum computing design, input information is encoded through a classical/quantum
converter, directly to the initial state of a system (Figure 5.1a). It is then read out as a new
state through a quantum/classical converter. The disadvantage of the qubit approach is that
if the qubits embedded along the molecular structure are not well separated spatially, inter-
qubit through-bond transfer will occur. The spatial separation, on the other hand, will lead
to a decrease of the calculation speed and an increase of the system size [62]. To overcome
these problems, the quantum Hamiltonian computing (QHC) approach has been recently
proposed [61]. In this approach, the intrinsic electronic time-dependent quantum response
of a singlemolecule is used without the need of structuring themolecular logic gate in qubits.
The logical input is encoded to the Hamiltonian of the quantum system. The working prin-
ciple is based on quantum level repulsion effects complemented with time-dependent elec-
tronic quantum interference effects [63]. This approach is local, with the current not passing
through the whole molecule and thus not limited by the exponential decay.
Figure 5.1: Schematic comparison of quantum computation based on qubits (a) and quan-
tum Hamiltonian computing (b). QS stands for quantum system (molecule), C/Q and Q/C for
classic to quantum and quantum to classic converter, respectively.
In QHC, a universal logic gate can be modeled with a simple calculating block, consisting
of three quantum states (Figure 5.2) [64]. By using two symmetric inputs and one output,
the six Boolean logic gates (NOR, AND, OR, NAND, XOR, NXOR) can be obtained. Based on
these theoretical considerations, a symmetric short-branch conjugated starphene molecule
was designed as a prototype logic gate. It operates as a NOR gate, where the logical input
is controlled by the manipulation of a single Au atom in (for a “1” logical input) and out (for
a “0” logical input) of one of the input molecular branches using STM atomic manipulation
[65]. The logical output is measured by tracking the energy position of the STM tunneling
resonance for the starphene electronic ground state as a function of the number of Au atoms
interacting with themolecular branches. In the case of the short-branch starphenemolecule,
some of the five other Boolean logic gates (AND, OR, NAND, XOR, NXOR) are not accessible
because the energy position of their corresponding output electronic resonance lies out of
the range of bias voltages needed for a stable STM operation.
To design logic gates other than NOR, we proposed to elongate a part of the QHC graph by
adding extra phenyl rings to two of the branches. The new anthracenyl (three-phenyl) units
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Figure 5.2: Demonstration of the QHC principle with quantum graphs and molecular struc-
tures for the NOR (a) and NAND (b) unimolecular logic gates.
correspond to the input branches, while the unchanged naphthyl unit - to the output branch.
To obtain the described molecule, we employed the combination of conventional and on-
surface chemistry starting from a 2,3-di(anthracen-2-yl)naphthalene precursor, which was
synthesized by the group of A. Gourdon in CNRS Toulouse. We demonstrated experimen-
tally, with the combination of STM manipulation and high-precision dI/dV spectroscopy, that
the asymmetric starphenemolecule functions as a unimolecular NAND logic gate. The exper-
imental realization principle is shown schematically in Figure 5.3 and will be discussed in de-
tail later. In the following, the main focus of the narrative is on the peculiarities of on-surface
reaction and operation of a molecule as a NAND gate. A short theoretical background is also
given to provide some basic understanding of the QHC approach. More details regarding
the quantum-mechanical nature of the behavior can be found elsewhere [63,66].
5.2 Theoretical background: Quantum Hamiltonian Computing
To design Boolean logic gates, theQHCapproach, developed by C. Joachim in CNRS Toulouse,
uses a combination of quantum repulsion and time-dependent destructive interference ef-
fects [63]. A set of quantum states called the calculating states is brought into electronic
interactions with input states responsible (when coupled) for the energy shifts of well-deter-
mined eigenstates of this calculating block (Figure 5.2). With two logical inputs and a single
logical output, the proper functioning of a QHC gate is measured by adding a reading block
composed of two states |φa〉 and |φb〉 at eigenenergy E to the "calculating states + two input
states" quantum system. The role of |φa〉 and |φb〉 is to detect when at least one eigenstate
of the calculating block is resonating with these two states to encode a logical output "1".
Preparing the reading block in a non-stationary state with one electron localized exclusively
on |φa〉 (or |φb〉) results in Heisenberg-Rabi time-dependent quantum oscillations through
the calculating block. The secular frequency of these oscillations is encoding the logical out-
put of the QHC logic gate. A very fast oscillation is encoding a logical output "1", while a very
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Figure 5.3: Schematic presentation of the QHC NAND experimental implementation. Sin-
gle Au atoms (blue spheres) serving as input are brought into interaction with the longer
branches of the molecule. An output is measured at the shorter branch with an STM tip
(modeled as four rows of atoms).
slow one a logical output "0". This frequency can be measured experimentally because its
square is proportional to the intensity of the tunneling current passing through the calculat-
ing block states when the two pointer states |φa〉 and |φb〉 are interacting electronically with
two metallic nanopads, for example, the tip of STM and a metallic surface [65].
To obtain numerically the oscillation frequency, or the population of the pointer state |φb〉
after setting up the quantum graph from Figure 5.2b in the initial non-stationary state |φa〉,
one has to construct the full Hamiltonian of the quantum system, consisting of a molecule,
input atoms and two electrodes (STM tip and metallic substrate) with the corresponding
interaction parameters (Figure 5.2).
Figure 5.4: Time evolution of the population of the state |φb〉 after setting the quantum graph
in non-stationary state |φa〉 for the different combinations of inputs. Oscillation frequency is
rather large when at least one input is "0", while it is very small (practically not visible on this
scale) when both inputs are "1".
5.3 On-surface synthesis
On-surface reaction to fabricate asymmetric starphene, cyclodehydrogenation, was described
with some prominent examples in Chapter 3. In this section, we will discuss the reaction
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path for the on-surface synthesis of asymmetric starphene, its conditions and products as
revealed by STM imaging.
The precursor molecule and the possible reaction products are shown schematically in
Figure 5.5. Based on the flexibility of the C-C bonds between the anthracenyl and naphthyl
units in the precursor molecule, three different conformations of the reaction product are
possible. If a molecule adsorbs on the surface in a symmetric fashion (symmetry axis along
the naphthyl unit), the reaction product is an asymmetric starphene. This is the desirable
result, and we refer to it as type I. If one of the anthracenyl branches rotates prior to ad-
sorption, the reaction product is different (type II). Analogously, rotation of both anthracenyl
groups leads to a different structure, which implies formation of three new C-C bonds (type
III). For the further investigations of logic gate behavior, only the first type is of interest.
Figure 5.5: Schematics of the on-surface reaction to form asymmetric starphene. After an-
nealing, the precursor molecule may transform into one of three possible products: asym-
metric starphene I and two other undesirable conformers: asymmetric one II and symmetric
one III. The newly formed C-C bonds are marked with red lines.
As expected, after deposition onto the Au(111) surface kept at room temperature, the
precursor molecules appeared non-flat (Figure 5.6a). The majority of them assembled in
clusters of four elements, with dimers also occasionally present. Such high tendency to form
self-assembled architectures is due to the non-planarity of the molecules. The naphthyl and
anthracenyl branches, adsorbed in an uplifted configuration, tend to interact with each other
by non-covalent π-π interactions. The weak nature of the interactions between themolecules
in these assemblies can be proved by lateral manipulation with STM tip (Figure 5.6b-c). Single
molecules were easily detached from the assemblies. After removing from the assembly,
molecules appeared flattened as the tip pushed the lifted branch down. Similarly, a single
isolated molecule can be brought in this configuration by lateral manipulation with a tip: in
Figure 5.6d two single molecules look the same - flattened but unreacted.
Single precursor molecules appeared in two main conformations, defined by which part
protrudes higher above the surface (zoomed-in STM images of the single molecules will be
shown in the following, in comparison with the reaction products). First type, with the bright-
est contrast in the middle, corresponds to the molecules, adsorbed on the surface with all
their branches, pushing the middle core upwards. Another type has one of the branches
pointing up, while the remaining two branches lie flat. A small portion of the molecules have
lost one of their branches during deposition.
In order to trigger the cyclodehydrogenation reaction, we have first annealed the sample
at 160 °C (Figure 5.7). As a result, only a rather small portion of the molecules have reacted,
with the yield of about 17 % (Figure 5.7b). A sign of a completed reaction is a flat appearance
of a molecule. We found, that after annealing at 200 °C all the molecules are flat and, thus,
reacted (Figure 5.7c). Speaking about the different conformeric forms (Figure 5.5), the vast
majority of the reaction products appeared in the desirable conformation I, while there have
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Figure 5.6: Deposition of the precursor molecules on the Au(111) surface. (a) Overview STM
image (60 nm x 60 nm). (b-d) STM images demonstrating a sequence of lateral manipulation
of amolecule from tetramer (b,c) and of a singlemolecule (c,d) (18 nm x 16 nm). Black dashed
arrows denote the path of a tip during lateral manipulation. Manipulation parameters: U =
0.01 V, I = 2 nA. All images: U = 0.5 V, I = 50 pA.
been only a very few molecules of type II, as can be seen in Figure 5.8. We have not seen,
however, anymolecules of type III, which is probably because the rotation of both anthracenyl
units is sterically unfavorable due to the repulsion of hydrogen atoms.
The topographical appearance of asymmetric starphene is in good accordance with re-
lated molecules reported in the literature, trinaphthylene [65] and decastarphene [67] (Fig-
ure 5.9). Furthermore, the successful reaction was confirmed by the constant-height STM
measurements with CO-functionalized tip (Figure 5.9e,f). This measurement technique is
well suited for the high-resolution imaging of planar polycyclic hydrocarbons [25, 68]. Al-
though the molecules always rotated when the tip was moved close enough to reach the
subatomic resolution, the obtained images unambiguously confirm the formation of a new
C-C bond as a result of cyclodehydrogenation.
5.4 Asymmetric starphene characterization
Before studying the response of the electronic resonances on the applied input, it is impor-
tant to thoroughly characterize the molecule, identifying all accessible electronic states. To
do this, we performed dI/dV spectroscopy and dI/dV imaging at the observed energies. For
the sake of simplicity, we will refer here to the filled states as HOMO resonances, and to the
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Figure 5.7: Comparison of the STM images of the molecular species at the different stages of
the reaction. (a) Initial deposition: all molecules are non-flat, tend to assemble into tetramers.
(b) After annealing at 160 °C: small portion of the isolated molecules reacted, assemblies are
mostly intact. (c) After annealing at 200 °C: all molecules are flat and isolated, reaction fully
completed. All images: U = 0.5 V, I = 50 pA.
empty states as LUMO resonances, although carefully speaking, one can obviously not claim
that STM measures molecular orbitals [69].
For these spectroscopic measurements only clean and metallic STM tips were used. To
check this, prior to measuring the molecules, a spectrum of a bare Au surface was always
taken. The presence of a surface state at approximately -0.5 V [26] as the only spectroscopic
feature in the measurement range confirms the metallic character of a tip. After the tip had
been justified, the spectra were recorded at the different positions of the molecules. In this
way, we identified five resonances in the bias voltage range from -2 V to +3 V (Figure 5.10). In
the negative bias side, the peaks were found at -1.15 V and -1.7 V (HOMO resonances). For
the positive side, the peaks were at 1.75 V, 2.06 V and 2.5 V (LUMO resonances). As can be
seen from the Figure 5.10a, HOMO peaks are significantly narrower than the LUMO ones.
This is explained by the fact that LUMO resonances are closer to the vacuum level [24]. Such
large width of LUMO peaks makes it difficult to use them as a reference for the shifts after
application of the inputs.
Interestingly, the molecular resonances of the anthracenyl and naphthyl branches are well
separated, which is very pronounced in the dI/dVmapsmeasured at the resonance energies.
All the maps resemble the lobe structure characteristic to the acene molecules [24,25]. The
positions of the resonances for the shorter naphthyl unit are further away from the Fermi
level, in agreement with the generic rule for the electronic resonances of acenes. With in-
creasing the length, or the number of conjugated rings, the frontier electronic resonances
shift closer to the Fermi level, thus decreasing the HOMO-LUMO gap. Thus, the middle ben-
zene ring of asymmetric starphene, formed after cyclodehydrogenation, serves as electronic
separator between anthracenyl and naphthyl units. This makes the asymmetric starphene
electronically different from its symmetric analogue, trinaphthylene [65].
5.5 STM manipulation
For the implementation of the unimolecular logic gate, STM manipulation was used. First,
to produce single Au atoms for further use and second, to manipulate these atoms (or
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Figure 5.8: Possible conformations of the molecule after reaction completion. STM overview
image of the completely reactedmolecules: a clear dominance of themolecules of type I, with
a small portion of type II (some are shadowed for easier perception). Image parameters: U
= 0.5 V, I = 45 pA, 40 nm x 40 nm.
molecules) laterally with STM tip to the desired positions. In this section, we discuss both
manipulation regimes, as they are essential parts of the logic gate implementation.
5.5.1 Au atoms extraction
It is possible to create single atoms on the metal surface by indentation of an STM tip at
LT [70]. In fact, after coating a tip with Au, which is also done by indentation, we were able to
extract native atoms from the substrate. The success of this procedure depends not only on
the metallic nature of a tip, but also on a number of parameters, such as voltage, depth and
duration of indentation. We found that the optimal conditions for the process are: 2 - 3 V, 20
- 30 Å and the lowest possible pulse duration. An example of an efficient tip dipping is shown
in Figure 5.11. After the indentation a large hole is formed around the position of tip crashing,
with many round objects distributed around (Figure 5.11b). These are Au atoms extracted
from the substrate. The apparent height of the formedhole is almost 9 Å, while that of a single
Au atom is around 1 Å. While some atoms also form clusters (brighter protrusions in Figure
5.11b), some of them also attach to an STM tip, which explains an evident deviation of the
volume of the formed crater and an aggregated volume of Au atoms. This also explains the
increased resolution after the indentation (the molecules appear narrower in Figure 5.11b
compared to Figure 5.11a).
Some of the Au atoms, released after indentation, diffuse directly towards the molecules.
This leads to the formation of a stable coordination complex, ready for further investigations.
However, as this process is rather random, we usually manipulated the atoms to the desired
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Figure 5.9: Single molecules before and after annealing. (a,b) STM images of the two conform-
ers of precursor molecules. (c) STM image of an asymmetric starphene after cyclodehydro-
genation. Imaging parameters: U = 0.5 V, I = 100 pA. (d) Line scans comparison of the initial
and reacted molecules. Line scans paths are marked with dashed lines of a respective color.
(e) Constant-height STM image of a reacted molecule measured with CO-terminated tip (U
= 10 mV). The molecule was rotated while scanning over its lower part. (f) The same image
after applying Laplace filtering. All images: 3 nm x 3 nm.
positions with the STM tip.
5.5.2 Lateral manipulation
After the successful creation of single isolated surface Au atoms, the next step is to bring
them into contact with the desired branches of the molecules. For this purpose, there are
two possibilities: to move the atoms towards the molecules, or vice versa. Both options are
implementable, with the former one being done at smaller tunneling resistance parameters.
Atoms and molecules occasionally jump on the tip during manipulation. As the attachment
of a single Au atom to a tip is good for its further performance (in terms of resolution), and the
functionalization with a molecule usually leads to an uncontrollable change of resolution, we
chose tomanipulate the atoms. An example of a successful sequence of lateral manipulation
along with the corresponding current profile is shown in Figure 5.12. In this case a Au atom
is pushed by an STM tip, but we also observed cases when manipulation was successfully
achieved by pulling.
After the Au atom is brought to the desired position, the formed complex remains stable
unless it is further laterally manipulated, or a bias voltage above 2 V is applied to it. Such
stable configuration is only achievable by connecting an atom to the end phenyl ring of any
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Figure 5.10: Electronic structure of asymmetric starphene. (a) dI/dV spectra taken at the posi-
tions of the highest peaks intensity reveal the following resonances: -1.7 V (HOMO-1), -1.15 V
(HOMO), 1.75 V (LUMO), 2.06 V (LUMO+1), 2.5 V (LUMO+2). In the inset: STM image of a sin-
gle molecule with the markers of the positions, at which the spectra were obtained. Marker
color corresponds to the spectrum color. (b-f) dI/dV maps recorded at the bias voltages of
HOMO, HOMO-1, LUMO, LUMO+1 and LUMO+2, respectively.
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Figure 5.11: Extraction of Au atoms from the surface by tip indentation. (a) STM image of the
surface area before indentation. Image parameters: U = 0.5 V, I = 60 pA. (b) STM image of the
same area after indentation reveals release of many Au atoms with a hole created around
the indentation point. Image parameters: U = - 0.5 V, I = 100 pA. Both images: 52 nm x
45 nm. (c) Line scan over a hole reveals release of several layers of atoms.
Figure 5.12: Lateral manipulation of a single Au atom towards a molecule. (a) STM images
demonstrating a sequence of lateral manipulation resulting in inputting one Au atom to one
of the anthracenyl branches. Imaging parameters: U = 0.5 V, I = 100 pA, 15 nm x 4 nm.
Manipulation parameters: U = 0.01 V, I = 15 nA. (b) Current profile recorded during manipu-
lation. After STM tip is brought in a close proximity to Au atom, it drags it further in a pushing
regime.
branch. To accommodate a Au atom, which has approximately the same size as a benzene
ring, two terminal hydrogens are lifted [65].
5.6 NAND logic gate implementation
The next step after connecting input Au atoms to the molecular branches is the measure-
ment of an output signal in the form of dI/dV spectroscopy as a function of the applied input.
To do so, we tracked the position of the same resonance on the free (without a Au atom)
molecular branch. For a higher precision, we always measured the signal at the position of
its highest intensity, i.e. in the middle of the corresponding lobe revealed by dI/dV mapping.
Thus, in the first step, approximate resonance energy was used for the determination of its
spatial distribution within a molecule. And then, finally, the exact value was specified.
The result of the described experimental procedure is shown in Figure 5.13. After the
manipulation of a single Au atom to interact with only one of the two anthracenyl branches,
there is essentially no shift of the ground state resonant energy of the Au-molecule complex.
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An apparent very small shift of no more than 15 meV is sometimes observed and is probably
due to the limited energy resolution of STS. Indeed, it is eliminatedwhen averaging the results
of many dI/dV spectra in this voltage range. However, after the manipulation of a second
Au atom to contact the remaining anthracenyl input branch, the shift of the ground state
resonance is significant, reaching about 100 meV. Reproducibility of the measurements can
be confirmed by plotting the average values of the resonance for different configurations
as a function of input. Thus, contrary to the case of a symmetric starphene molecule, the
input of two single Au atoms is required to produce an observable shift of the ground state
STS resonance. As introduced previously, a logical output "1" is defined as the ground state
STS resonance with no single Au atoms in contact. By using this reference, only the (1,1)
logical input configuration is able to push the ground state resonance down in energy and
away from its reference position shown in Figure 5.13, thus producing a logical output "0". As
logical input configurations (0,1) and (1,0) lead to a non-measurable ground state energy shift,
the asymmetric starphene is functioning like a NAND gate. Its truth table is shown in the inset
of Figure 5.13. Note that other logical output reference energies are possible. For example,
by choosing the logical output "0" for the ground state energy position of a starphene free
of Au atoms, we can obtain OR (symmetric starphene) [65] and AND (asymmetric starphene)
logic gates.
Similar behavior is observed while tracking the positions of the LUMO resonance of an
output branch (Figure 5.14a). But because this resonance is rather broad, it makes it more
difficult to consistently determine its peak value. Alternatively, the same effect can be demon-
strated by comparing directly I-V curves obtained in all the aforementioned configurations
(Figure 5.14b). By fixing a certain voltage value (HOMO-1, or a ground state resonance of
an output branch), we can compare the current corresponding to it in different configura-
tions. It is equivalent to integrating dI/dV signal from Fermi level to this fixed energy. A gray
dashed line in Figure 5.14b corresponds to this reference. While I-V curves are almost non-
discernible for the cases of 0 and 1 input, there is an obvious change in current for the case
of 2 inputs.
5.7 Other input/output configurations
To investigate the role of the asymmetry between the input and output branches for the de-
scribed NAND behavior, we performed similar experiments when changing the logical input
and output relation of the anthracenyl and naphthyl branches. For this, one of the anthra-
cenyl (longer) branches has to serve as an output. In this case, there are two possibilities
depending on the order of bringing Au atoms into interactionwith the branches. Either naph-
thyl or the remaining anthracenyl branch can be contacted first. Interestingly, the response
of the system differs in these two cases. In other words, the order of contacting Au atoms
to the input branches becomes important as they are no longer equivalent. The obtained
results are summarized in Figure 5.15. When we first put one Au atom to a naphthyl branch
and then to an anthracenyl branch, the behavior of the system is similar to the one described
previously. The presence of only one input atom does not lead to any significant shift in the
energy of the molecular resonance, but the second input atom affects it significantly (Figure
5.15d). The value of the shift is comparable to the one observed for the NAND configura-
tion and amounts to 114 meV. However, when contacting first a Au atom to an anthracenyl
branch and measuring an output at another anthracenyl branch, the resonance energy shift
is observed already with one atom input (Figure 5.15e). This shift of approximately 46 meV
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Figure 5.13:Manipulation of themolecular states through the Au atom inputs to demonstrate
NAND logic gate functionality. (a) STM image of an asymmetric starphene with two Au atoms
nearby. (b) and (c) STM images of an asymmetric starphene with one and two Au atoms
under anthracenyl branches, respectively. (d-f) dI/dV maps of an asymmetric starphene with
0, 1 and 2 Au atom inputs taken at the resonance energies. (g) dI/dV spectra for all the three
cases show a significant shift in energy only when two inputs are applied. The black curve
corresponds to the case of an unperturbed molecule, red – one Au atom input, blue – two
inputs. All STM images: U = 0.5 V, I = 50 pA, 4 nm x 4 nm. In the inset, the truth table as well
as a shift diagram of a NAND logic gate are shown.
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Figure 5.14: Further curves to support the NAND behavior of asymmetric starphene. a) dI/dV
curves for the LUMO resonance of an output branch demonstrate an observable shift only
after application of two inputs (blue). b) I-V curves measured in the configurations without
any input (black points), with one (red points) or two Au atoms (blue). The gray dashed line
is fixed at the position of a ground state resonance of an unperturbed molecule. A clear
change (increase) of tunneling current is observed only after connecting two atoms.
is somewhat smaller than in the other cases, but it is well reproducible. After the second
atom input, the ground state shifts 68 meV more in the same direction (away from the Fermi
level), giving the total value of the shift of 114 mV, which is exactly the same as in the case of
the two inputs applied in the reverse order. Thus, the final state of the complex is the same
in both cases but the intermediate one is different. If we put the energy positions and their
shifts as the function of the input in the form of a truth table, this will not lead to any classical
Boolean logic gate. Therefore, for a correct implementation of a QHC NAND logic gate it is
crucial to use longer anthracenyl branches as input channels and a short naphthyl branch –
as an output channel.
5.8 Extended starphene performance
Another conjugated molecule that was tested as a perspective unimolecular logic gate in
the frame of these studies is an extended version of an asymmetric starphene. Preliminary
theoretic considerations suggested that it could function as a four-input AND gate, so that
only simultaneous application of 4 inputs leads to a change in the output. Compared to
the previously described molecule, it possesses four additional phenyl rings connected to
the longer branches by σ-bonds (Figure 5.16). After cyclodehydrogenation, all these phenyl
rings can serve as input branches for bringing gold atoms underneath. Output is similarly
measured at the short naphthyl branch.
5.8.1 On-surface synthesis of an extended starphene
Although the general reaction principles described for an asymmetric starphene also apply in
this case, there are some peculiarities characteristic for this species. As the reaction implies
formation of three new covalent C-C bonds instead of one, theremight be some intermediate
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Figure 5.15: Demonstration of the functionality of an asymmetric starphene in other in-
put/output configurations, when anthracenyl branch serves as an output. (a-c) STM images
of the molecules with one (a,b) or two (c) inputs. All images: U = 0.5 V, I = 50 pA, 3 nm x 3 nm.
(d,e) dI/dV curves measured at the positions of HOMO resonance of anthracenyl branch re-
veal behavior dependent on the order of inputting: when atom is brought first to a naphthyl
branch (configuration (a)), a shift occurs after two inputs only (d); when, however, atom is
brought first to an anthracenyl branch (configuration (b)), a shift is already evident after first
input (e). A total value of the shift in the final configuration (c) is equal for both cases.
products. Two side reaction sites (new ones) are equivalent, while the middle one is unique
and similar to an asymmetric starphene case.
Directly after deposition we found all the molecules in a non-flat configuration. They are
characterized by three bright lobes, as can be seen in Figure 5.16 for a single molecule and
in Figure 5.17a for a larger portion of the sample. Each of these lobes corresponds to the
reaction site, where flexibility of σ-bonds in the precursor allows rotation of the branches.
Similarly to the case of an asymmetric starphene, π – π interactions lead to the formation of
small self-assembled structures. Singlemolecules are preferably adsorbed at the elbow sites
of the Au(111) reconstruction. Notably, due to the steric effects they never have a symmetry
axis along the shorter naphthyl branch, which is expected for the reaction product. The
conformation of the molecules can, however, be changed by lateral manipulation with STM
tip.
To induce intramolecular cyclodehydrogenation, we annealed the surface to 200 °C (Figure
5.17b), the temperature of complete reaction for an asymmetric starphene. As a result, the
reaction rate of 100 % has been achieved only for the formation of middle C-C bond. Thus,
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Figure 5.16: A route to obtain extended asymmetric starphene through on-surface cyclode-
hydrogenation. Top row: reaction scheme. After annealing at 200 °C, only the middle bond
is formed; annealing at 250 °C leads to a complete reaction resulting in a planar molecule.
Newly formed bonds are marked in red. Bottom row: corresponding STM images. Imaging
parameters: U = 0.5 V, I = 100 pA, 4 nm x 4 nm. Color bar shown near the first image is
common to all images.
the central core of the molecules has planarized, leading to both Y-shape (as in the middle
STM image of Figure 5.16) and asymmetric shape (as, for example, two isolated molecules in
the middle of Figure 5.17b). Only the first type of intermediates is of interest for the further
experiment. Some of the side bonds have been also formed at this stage, in most cases only
one per molecule. On the large scale, the molecules tend to form chain-like structures.
To reach the final reaction product, we annealed the sample to 250 °C. Although many
of the molecules appeared completely reacted after this, the full cyclodehydrogenation has
not been achieved yet for some of them. As 100 % rate is desirable for the simplification
of the further manipulation experiments, we finally annealed the sample to 275 °C (Figure
5.17c). All molecules are flat, adopting either symmetric (Y) or asymmetric shape. They align
along the fcc sites of the Au surface. Statistical analysis reveals that 44 % of the products
are Y-shaped, in contrast to the asymmetric starphene, for which their portion was more
than 90 %. This means a little less than half of the formed molecules can be used for the
experiments with Au atoms inputting, a consequence of increased complexity of extended
starphene.
5.8.2 Extended starphene characterization
Similarly to the case of the asymmetric starphene, we have performed dI/dV spectroscopy
measurements to identify the positions of the electronic resonances (Figure 5.18). Again, of
the highest relevance are the states corresponding to the naphthyl branch, because it serves
as an output. In the following, we will also use the convention of labeling the states of the
molecules at negative bias voltage as HOMO states and the ones at positive voltages - LUMO
states. Using this terminology, HOMO has been identified at -0.93 V, while LUMO - at 1.4 V.
These are the frontier resonances, defining the energy gap of 2.33 V. Thus, compared to the
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Figure 5.17: Different steps of reaction to fabricate extended asymmetric starphene. (a) After
deposition all molecules are non-flat: each precursor possesses three bright lobes. (b) An-
nealing to 200 °C induces partial cyclodehydrogenation: all the molecules have the middle
C-C bond formed, while the side bonds are formed only partially for some species. (c) An-
nealing to 275 °C leads to complete reaction and planarization of all molecules. All images:
U = 0.5 V, I = 100 pA, 40 nm x 40 nm.
asymmetric starphene, the gap has decreased because of the addition of phenyl rings at each
side of anthracenyl branches and their subsequent conjugationwith themolecular backbone
(it was 2.9 V for the asymmetric starphene). The further states, HOMO-1 and LUMO+1, were
found at -1.63 V and 2.38 V, respectively.
The spatial distribution of the electronic resonances probed by dI/dVmapping also reveals
a slightly different picture (Figure 5.18). The main changes are related to the appearance of
the states, corresponding to the extended side branches. They are characterized by elon-
gated curved inside lobes (Figure 5.18c), while the lobes of the naphthyl branch still preserve
the acene-like shape (Figure 5.18d). It is also the resonance of the extended branches, which
contributes mostly to the decrease of the energy gap.
5.8.3 Peculiarities of STM manipulation for an extended starphene
Generally, the lateral manipulation procedure described previously for the asymmetric star-
phene, is also applicable here. However, the increased complexity of the system, i.e. the
need to bring four Au atoms into contact with the molecule, led to new technical challenges.
Very often, after bringing one or two atoms, the further manipulation failed as a molecule
has been picked up by the tip. Manipulation conditions for moving atoms are harder than for
molecules (higher current, the tip is closer to the surface), which often resulted in a molecule
being picked up while an atom remained in place. This occurred when a tip manipulation
path only slightly touched a molecule on its way over an atom. We have found that direct
manipulation of molecules with soft parameters towards the atoms leads in this case to
significantly higher success rate. Even when already loaded with Au atoms, the molecules
could be easily manipulated without changing the configuration. Minor misalignments of
a molecule-atom system might occur, but it can as well be adjusted by pushing with a tip.
Lateral manipulation parameters used for moving molecules are: U = 0.01 V, I = 8 nA, while
for the similar procedure with Au atoms the current had to be at least 10 nA.
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Figure 5.18: Electronic characterization of an extended asymmetric starphene. (a) STM image
of a single molecule with the crosses marking the positions, where the spectra were taken.
(b) dI/dV spectra. Color of each spectrum corresponds to the color of the cross in (a). The
resonances marked with the dashed lines are: -1.63 V, -0.93 V, 1.4 V, 2.38 V. (c-f) dI/dV maps
of HOMO, HOMO-1, LUMO and LUMO+1 resonances, respectively.
5.8.4 Extended starphene response to Au atom input
We tested the performance of an extended starphene in response to the contacting single
Au atoms to the outermost phenyl rings. Analogously to the case of an asymmetric starphene
described above, we brought the atoms to these input positions one by one, whilemeasuring
the position of an electronic resonance of an output (naphthyl) branch at each step. First of
all, it should be noted that, due to the increased length of a molecule, the observed shifts in
themolecular spectrum are smaller andmay be difficult to detect. Besides limited resolution
of STS, a major difficulty is caused by the inability to measure the different input configura-
tions of the same molecule with exactly the same tip. Bringing Au atoms and a molecule
into contact involves lateral manipulation, which inevitably leads to some changes in the tip
structure. We found, that even when topographically a tip does not change after manipu-
lation, small spectroscopic changes may occur, which hinder the interpretation of the small
shifts of the output resonance. One way to avoid the influence of a tip is to reference each
STS measurement at an output position to a similar measurement on a clean spot of the
Au(111) surface. Such background subtraction is an effective way of separating tip artifacts
from electronic contributions of a molecule [71]. At the energy range of our interest, the
LDOS of the Au(111) is featureless, therefore it is safe to assume that all irregularities come
from the LDOS of the tip. Alternatively, the screening by a tip can be eliminated by measur-
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ing the resonance of a free (no input) molecule with the same tip at each manipulation step.
It can then be used as a reference for the resonance of a loaded molecule to determine a
relative shift.
We tested both approaches, and the results were in a good agreement, demonstrating
generally the same trend. Some shifts occur at each manipulation event, adding up to the
final shift of a fully-loadedmolecule step by step. A characteristic behavior is presented in Fig-
ure 5.19. Here, we use the following nomenclature: a free molecule is designated as (0000),
where each ’0’ corresponds to the absence of an atom at a phenyl ring position. The order
of the input positions in (ABCD) sequence starts from the lower left and ends with the lower
right ring. A presence of one Au atom at an input position is marked by ’1’. Thus, for example,
bringing one atom into contact with a lower right phenyl ring leads to the (0001) configura-
tion (Figure 5.19a). As follows from Figure 5.19b, some shifts in the HOMO-1 resonance start
Figure 5.19: Response of an extended starphene to contacting its input branches with single
Au atoms indicates a shift distributed along theway. (a) Schematic of the configurations used.
Yellow circles correspond to Au atoms. (b) dI/dV spectra in the energy window of HOMO-1
state measured at each step (left graph). A total resonance shift of 70 mV is spread over
all transitions. After subtracting the background surface spectrum (right graph), positions of
the states are slightly changed, but the similar trend is preserved.
to occur already with the first input atom. The energy level position slowly drifts away from
the Fermi level, reaching a total shift of 70 mV in the (1111) configuration. A similar trend
is observed after removing a spectrum measured over the bare Au(111) surface, thus elim-
inating the influence of a tip. Even though the total shift is large enough and reproducible,
intermediate shifts are relatively small to justify a functioning of the molecule as a counter,
as was demonstrated by C. Manzano et al. for the case of coronene [72]. In that study a
monotonous shift of a molecule ground state was shown to be a function of the number
of Au atoms contacted. The difference is that, contrary to the case of coronene, the spatial
distribution of the output resonance of the extended starphene is not delocalized over the
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Table 5.1: Average absolute and relative shifts as a function of a number of Au atom inputs
for the extended starphene.
Inputs Absolute (V) Stdev (V) Relative (mV)
0 -1.63 0.03 0
1 -1.64 0.03 6
2 -1.65 0.03 16
3 -1.68 0.05 50
4 -1.68 0.01 40
whole molecule (Figure 5.18).
We closely analyzed the shift values at each step using the several approaches as pre-
sented in Table 5.1. First, an absolute value of the resonance as a function of a number of
input Au atoms is given, together with the standard deviation. In the next column all the
given shifts are relative, with a reference to some other free molecule, measured with the
same tip. All of these values are average and therefore can not be unconditionally used for
evaluation of the performance of a single molecule. They, however, show a similar trend:
small shifts after the first two steps, a more significant shift after bringing the third atom and
no further changes at the last manipulation step.
Figure 5.20:Measuring different input configurations with the same tip. (a-d) STM images of
the molecules with 1, 2, 3 and 4 input atoms, respectively. Imaging parameters: U = 0.5 V, I
= 100 pA, 4 nm x 4 nm. (e) dI/dV spectra measured at the output positions of the respective
molecules. The shifts are small, because of the deviations from molecule to molecule.
We also created all possible molecule-atom complexes at the same area of the sample to
be able to measure them with the same tip. First, using lateral manipulation, all the desired
molecule-atom complexes were constructed. After that, we improved the tip to an extent,
where no undesirable features are present in the energy window of interest. Then, all the
molecule-atom complexes can be measured simultaneously, i.e. without a need to perform
lateral manipulations by a tip between the readouts of output. The resonances obtained in
this way are presented in Figure 5.20. Even though the tendency of a shift away from the
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Fermi level can also be observed, the total shift is even smaller, while the intermediate shifts
do not always behave monotonously. We attribute this to the small deviations in the reso-
nance position between the different molecules. Even for the free molecules, the position
of the resonance measured with the same tip might slightly differ. It is most likely related to
the adsorption position.
The effect of the molecule length on the value of the resonance shift can be demonstrated
by inputting one Au atom closer to the output position, namely in the middle of an extended
side branch (Figure 5.21). Such coordination complex with Au atom under a middle phenyl
ring could not be achieved for the asymmetric starphene, but is possible for the extended
one, as can be seen in Figure 5.21b. This is probably associated with the extra phenyl rings
allowing for the lifting of a molecular skeleton into stable configuration to accommodate an
atom. After constructing this complex, we measured its output and compared it with the
output of the same molecule contacted in the (1000) configuration. The spectra in Figure
5.21c demonstrate a clear 40 mV shift of the resonance after moving Au atom from the
side to the middle position. The latter configuration actually resembles the one, which was
implemented for a trinaphthylene molecule (three equivalent naphthyl branches) [65]. It
was shown to function as a unimolecular NOR logic gate, with any input causing a shift of an
electronic state. The similar picture is recreated by inputting one Au atom in the middle of
an extended starphene, as the positions of input and output are the same in this case.
Figure 5.21: Demonstration of the effect of inputting Au atom in the middle of a branch.
(a,b) STM images of the conventional (1000) configuration and a modified configuration with
Au atom in the middle of the right branch, respectively. Imaging parameters: U = 0.5 V,
I = 100 pA, 4 nm x 4 nm. Schematics are shown in the insets. (c) dI/dV spectra measured
at the positions of the corresponding crosses in (a) and (b). Moving Au atom to the middle
position leads to a relative shift of 40 mV.
5.9 Summary
With the help of the surface-assisted cyclodehydrogenation reaction, we created asymmet-
ric starphene molecule on the Au(111) surface. Its functioning as a NAND logic gate in the
framework of QHC is envisaged by a simple topological Hückel model and demonstrated by
a selective inputting of Au atoms under the molecular branches. STM atomic and molecular
manipulation and high-resolution STSmeasurements allow the observation of a well-defined
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shift of a starphene’s ground state as a function of a logical input. Such realization of a NAND
logic gate facilitates the development of unimolecular and atomic-scale technology based on
quantum-mechanical properties of single molecules.
For the extended starphene, we have found that it is difficult to reproducibly and control-
lably perform a logic function using Au atoms as input and the molecule as an output. The
behavior of the system is not reproducing the truth table of an AND gate. It functions rather
as a molecular counter, but with a big disadvantage of the shifts being not always well de-
tectable. The changes of the molecular resonance energies due to an input are often in the
same range as the standard deviation of the measurement. Such small shifts are explained
by the increased size of the molecule compared to the asymmetric starphene. The path be-
tween an input and output is too long to cause a significant effect of deformation of molec-
ular states, which is proved by moving Au atom to the middle position of a branch. Even the
slightest modifications of a tip and small deviations of the resonance position frommolecule
to molecule hinder unambiguous evaluation of the response of the extended starphene to
Au atom inputs.
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6 Molecular wires from
donor-acceptor-donor monomer
units
In this chapter, we discuss the bottom-up fabrication ofmolecular wires, based on the combi-
nation of alternate donor and acceptor moieties. The reaction flow, electronic structure and
conductance measurements of the molecular wires are described. The role of the relative
donor and acceptor strength for the conductance is studied theoretically by systematically
varying it and using complex band structure calculations. Prior to the experimental results
and discussion, a short introduction to molecular wires as well as the donor-acceptor (DA)
approach in organic and molecular electronics is given.
6.1 Introduction
6.1.1 Molecular wires
Molecular wires are important functional units of molecular-scale electronics. Unlike switch-
es, logic gates and transistors, they belong to the category of passive elements. Their main
task, similarly to the macroscopic analogues, is to conduct electric current between elec-
trodes. Therefore, the conductance of molecular wires is their key property, defining the
scope of potential applications. It is thus of great importance to carefully address the con-
cept of conductance. As molecular wires are naturally nanoscale objects, their dimensions
lie in the same range as the Fermi wavelength of metal contacts electrons λF [60]. This means
that the laws governing the electronic transport in the macroscopic world can no longer be
applied. Instead, quantum-mechanical phenomena come into play.
Generally, several transport regimes can be distinguished at the nanoscale, depending on
the relations between the dimensions of a nanosized object in a junction and characteristic
length parameters. These deterministic lengths are: momentum relaxation length, or mean
free path, λm, which is the average distance that electrons travel without collisions, and phase
relaxation length, or phase coherence length, λφ, the distance, at which the phase of the wave
function is preserved [73]. When both these parameters are much larger than the length of
a nanoobject, L, the transport is in the ballistic regime, without any dissipation along the sys-
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tem. This regime is typically observed in single-walled carbon nanotubes (SWCNT) andmetal-
lic nanowires. However, if L < λm,φ, the transport is governed by coherent elastic scattering
of electrons, as characteristic for small molecules and molecular wires. In the case of very
long molecular wires, the process becomes inelastic and incoherent as interactions between
electrons and photons become relevant. For single molecules and molecular wires placed
between metal electrodes, with a small bias applied, the transport regime is non-resonant
tunneling, an elastic and coherent process (light green area in Figure 6.1). In this work, we
consider the tunneling regime as the relevant transport mechanism for the molecular wires.
Figure 6.1:Map of the different transport regimes depending on the relation between charac-
teristic lengths and dimensions of a system. A schematic of a junction is shown to introduce
the dimensions. Reprinted with permission from Springer Nature from [60].
Conductance at the macroscopic scale is defined by the Ohm’s law as an inverse of re-
sistance: G = 1/R = dI/dU. More specifically, in relation to the material properties and
parameters, G = σS/L, where σ is conductivity, material-defined characteristic, S - area cross
section, and L - length of an object. This relation, however, is no more valid at the nanoscale.
In this case, the conductance is quantized, with 2e2/h defined as the quantum conductance.
For amolecular wire placed in a junction, the conductance is known to decay exponentially
with its length [74]:
G = G0exp(–βL), (6.1)
where G0 is the contact conductance, β - inverse decay length, and L - length of a wire. While
G0 depends on themolecule-electrode contacts and can be determined by setting the length
L equal to 0, β is material-dependent and thus represents the conductance properties of the
specific molecular material. From this point of view, analogy can be made with the macro-
scopic notion of conductivity. While for a vacuum junction β ≈ 2.4 Å–1 [75], conjugated or-
ganic molecules exhibit significantly lower decay. The following β values were experimen-
tally determined: 0.85 Å–1 for alkanes [76], 0.22 Å–1 for carotenoid polyenes [77], 0.3 Å–1
for phenyleneimines [78], 0.38 Å–1 for polyfluorenes [79], 0.4 Å–1 for polythiophenes [80],
0.45 Å–1 for armchair graphene nanoribbons (AGNR) [81], and more recently, 0.21 Å–1 for
donor-acceptor molecular wires [82]. As predicted theoretically, it can be as low as 0.05 Å–1
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[83]. The optimization of this parameter is obviously important for the further development
of molecular-based electronics. It depends on the HOMO-LUMO gap, energy and effective
mass of the tunneling electrons. Using an effective real valued two-band model describing
the electronic band structure of an infinite molecular wire with a nonzero HOMO-LUMO gap
Eg , this dependence can be written as [84]:
β = √2m∗(E)(E – EH)(EL – E)
}2Eg
, (6.2)
where m∗ denotes the effective mass, EH and EL - the energies of HOMO and LUMO levels,
respectively, and Eg = EL – EH - HOMO-LUMO gap. As follows from this formula, β(EF ) ∝√
m∗(EF )Eg. Therefore, to engineer materials with low conductance decay, either energy gap
Eg or electron effective mass m
∗ has to be lowered.
Experimentally, there are severalmethods developed over the last decade andwidely used
for measuring conductance (and as a result, inverse decay length) of molecular wires. The
main difficulty thereof is associated with the formation of a stable, controllable and robust
contact to the electrodes. Small molecules, of the size in the subnanometer range, have to
be contacted to metal electrodes, which have the size of at least several orders of magnitude
larger. That is the reason why the very first experimental realizations of molecular conduc-
tance measurements have been dealing exclusively with thin films, self-assembled mono-
layers and Langmuir-Blodgett films of molecules, sandwiched between macroscopic elec-
trodes [85–87]. Another widespread technique, which allows for a more defined addressing
of single molecule’s conductance is mechanically controllable break junction (MCBJ) [88]. It is
based on creating a nanojunction between the electrodes by mechanically breaking a metal
wire with a controllable pushing rod. Then themolecules, functionalized with anchor groups,
are supposed to occupy the formed junction. As the width of this junction can be controlled
by bending the substrate, conductance traces can be obtained [89]. All the mentioned ap-
proaches are largely statistical, and thus have to account for averaging effects while dealing
with ensembles of molecules. They also fail to provide information about the exact compo-
sition and geometry of a metal-molecule-metal junction.
At the same time, the development of scanning probe methods promoted more precise
and controllable approaches to the measurements of single molecule’s conductance. Us-
ing a tip of conductive AFM or STM as one of the electrodes, single molecules, rather than
films and monolayers, can be addressed. The second electrode is naturally a metal surface,
on which the molecules are deposited. Already in 1995, C. Joachim et al. demonstrated the
possibility to contact a single C60 molecule with the STM tip and to measure the resistance
of this junction at room temperature [90]. Conductance of self-assembled monolayers was
also addressed with the STM tip [91] and conductive AFM tip [92]. The next important land-
mark was achieved by contacting single molecules with a tip of the STM at low temperatures,
which allows good control over the contact and high precision of the measured conduc-
tance [93, 94]. The possibility to image molecular structures with high resolution helps to
address specific sites of the molecules, while also taking into account geometrical proper-
ties and substrate interactions. All this makes LT-STM a tool of choice for single-molecule
conductance measurements.
The newest approach to measure molecular conductance is a challenging technique that
requires in-depth use of STM capabilities. It implies the establishment of an atomically-
precise contact between a tip and a wire, after which the former is controllably pulled away
from the surface [79]. This method is thus often referred to as pulling technique. Because
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the tip contacted to the wire is retracted, the wire is also pulled away from the surface. In this
way, the length of the wire in the junction is increasing. By recording the tunneling current
during the whole process as a function of the tip height (which equals to the length of a wire,
only with a small deviation caused by bending), the inverse decay length β can be determined
by fitting the current decay with exponential function as shown in Equation 6.1. The main
steps of the pulling process are depicted in Figure 6.2a-c. The conductance (current) decay
with the length for the cases of vacuum, alkane chain and polythiophene wire, confined in the
STM junction, is modeled in Figure 6.2d. More experimental details of this pulling approach
will be discussed below, in the corresponding section of this chapter.
Figure 6.2: Pulling technique for measuring conductance of molecular wires in the STM setup.
(a-c) Schematic showing the main steps of a pulling process with a wire, adsorbed on a metal
surface, and an STM tip modeled as three rows of metal atoms. In the beginning, the tip is
away from the wire (a), then it is brought towards the wire until a contact is established (b).
Finally, the tip is retracted away with the wire attached to it (c). (d) Conductance dependence
on length for a tunneling junction in the cases of a vacuum junction (red) and two typical
molecular wires confined in it, non-conjugated alkane (blue) and conjugated poylthiophene
(yellow).
Since the development of the STM pulling technique, only a fewmolecular wires have been
produced on metal surfaces and investigated in terms of inverse decay length β [79–82]. In
the search of the most conductive materials, the main attention was turned towards the de-
crease of the HOMO-LUMO gap (Eg), which leads to a decrease of β [74]. Traditionally, this
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was achieved through the formation of largely π-conjugatedmolecular systems, such as poly-
acenes [95], porphyrin tapes [96] or graphene nanoribbons [81]. Although they demonstrate
relatively low decay factor (and therefore relatively high conductance values), the rigidity of
their backbone limits the range of possible applications, not allowing to adapt them to dif-
ferent geometries of the electrodes. Moreover, their fabrication requires an additional step
to convert monomers into the ladder-type structures. On the other hand, the combination
of donor and acceptor units in one monomer to fabricate long molecular wires also results
in the lowering of the Eg while keeping the flexible nature of the wires [82]. This approach
is adopted from the fields of organic electronics and photovoltaics, and will be discussed in
the next section.
6.1.2 Donor-acceptor approach: from organic to molecular electronics
The fast development of organic electronics has driven the search for novel polymer ma-
terials with outstanding properties. The key characteristics for the performance of organic-
based devices, such as organic field-effect transistors (OFET) and polymer solar cells (PSC),
are band gap (for the absorption of the solar spectrum) and charge carrier mobility (for the
efficient charge transfer). Different design approaches of organic chemistry aim at improv-
ing these parameters by tuning the chemical structure of the monomers [97]. Recently, after
extensive studies with a large variety of conjugated organic molecules, the synthetic strategy
has shifted towards donor-acceptor molecules [98,99]. Indeed, currently the best perform-
ing OFET and PSC devices are based on this class of materials [100].
By definition, donor units are electron-rich entities while acceptors are electron-poor. Of
course, these notions are somewhat relative, and the same molecular group can serve as a
donor in one polymer and as an acceptor in another. The general principle though is simi-
lar for all donor-acceptor polymers: the combination of electron-rich and electron-deficient
units along one polymer chain facilitates intramolecular charge transfer and lowers a band
gap of a resulting polymer due to the orbital coupling. Schematically this is illustrated in Fig-
ure 6.3. The strength of different donors is reflected in the positions of the HOMO level (the
higher- the stronger) and can be compared by combining different donors with the same
acceptor. For the optimal charge transfer, the balance between the strength of donor and
acceptor moieties has to be found. The simplest examples of a donor unit are benzene and
thiophene, with the latter being a stronger donor. The electron-donating ability of thiophene
can be further tuned by addition of benzene (to decrease) or thiophene (to increase). Sim-
ilarly, the strength of acceptor units can be modified by addition of electron-withdrawing
groups to the molecular backbone (e.g. imine or carbonyl group).
The success of the donor-acceptor approach in organic electronics applications inspired
the use of similar monomers for the fabrication of atomically-defined molecular wires with
the focus on their conductance [82]. The molecule, first used for such studies, was based
on benzo-bis(thiadiazole) (TDZ) acceptor surrounded by thiophene donors. It was shown
that a molecular wire built from the alternating donor and acceptor units (Figure 6.4a) is
characterized by a low decay value, beating all the traditional ladder-type wires constructed
from conjugated molecules [79,81].
In fact, although TDZ is known to be one of the strongest acceptors (which was reported
both experimentally [101] and theoretically [102]), it does not provide the best balance for
intramolecular charge transfer in combination with thiophene. There are no reports in the
literature, to the best of our knowledge, about high performance of the copolymers con-
taining it. Moreover, the monomers with benzothiadiazole (a weaker acceptor) combined
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Figure 6.3: Effective lowering of the polymer band gap by using the combination of donor and
acceptor units in one system. The resultant donor-acceptor polymer has a lower band gap
(marked with an arrow) due to the orbital mixing.
Figure 6.4: Donor-acceptor-donor (DAD) molecules for on-surface polymerization. (a)
Schematic principle of the Ullmann coupling reaction applied to donor-acceptor-donor
monomers. (b) Diketopyrrolopyrrole-based molecule used in this work. Flexibility of the
bonds between donor and acceptor units allows different conformers: in the molecule on
the right both donor units are rotated relative to the acceptor; two more conformeric struc-
tures are possible, when only one thiophene group is rotated.
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with two thiophenes at each side (stronger donors) resulted in some high-performance de-
vices [97]. This shows the importance of the balance between donor and acceptor strength
when designing donor-acceptor molecular wires.
Themonomer, employed in our studies, 3,6-bis(5-bromothiophen-2-yl)-2,5-dimethylpyrrolo-
[3,4-c]pyrrole-1,4(2H,5H)-dione, contains diketopyrrolopyrrole (DPP) as acceptor surrounded
by thiophenes, which serve as donors and are functionalized with Br atoms to enable the Ull-
mann coupling reaction (Figure 6.4b). For the sake of simplicity, in the following the molecule
will be referred to as DPP from the abbreviation of its acceptor unit. DPP-based polymers are
among the best-performing ones and are thus widely used in construction of highly-effective
OFET and PSC [103]. We carried out comprehensive STM studies of DPP donor-acceptor
molecules with the main focus on their polymerization into long flexible highly-conductive
molecular wires. We studied the importance of the donor and acceptor strength for the
conductance of the resulting wires and the possibility to tune it through both HOMO-LUMO
gap Eg and effective mass m
∗.
6.2 Deposition of the molecules: monomers and self-assembled
networks
After the thermal sublimation of the DPPmolecules (the Knudsen cell evaporator was heated
to 200 °C) on the atomically clean Au(111) surface held at room temperature, the vast major-
ity of the molecules appear in self-assembled networks. Occasionally, single monomers are
also observed on the surface. They occupy predominantly the elbow sites of the Au(111)
reconstructed surface, a feature common to many organic molecules [104–106]. Single
molecules have a characteristic rhombic shapewith someelongation at opposite sides, which
corresponds to bromine atoms (Figure 6.5a,b). Calculated STM image (Figure 6.5c) was pro-
duced by S. Nikipar under the supervision of D. Ryndyk and is in a good agreement with
the experimental one. Although debromination of the monomers can already occur in the
crucible at this relatively high deposition temperature [44], single molecules appear mostly
intact on the surface. As demonstrated in Figure 6.4b, several conformeric forms of the DPP
monomer are possible. However, from STM topography images alone it is difficult to unam-
biguously distinguish between them.
We performed scanning tunneling spectroscopy to determine the electronic structure of
the single monomer. Only peaks in the positive bias range could be clearly identified, which
correspond to the unoccupied molecular states (Figure 6.5d). The frontier resonance is very
pronounced at 1 V, while there is also a shoulder feature in the spectrum at approximately
1.4 V. Following the terminology widely used in STM studies of organic molecules, just for
convenience, we will refer to them as LUMO and LUMO+1. The observed small peaks at the
negative bias side of the spectrum correspond to the tip artifacts and surface state [107] and
are also present in the spectrum taken at the bare Au spectrum. To obtain spatial distribution
of the LUMO resonance along themolecule, we performeddifferential conductancemapping
at 1 V. Interestingly, it demonstrates asymmetric character with the brightest contrast at one
of the two oxygens of diketopyrrolopyrrole unit (acceptor site) as revealed in Figure 6.5e.
Similar result is also obtained theoretically (Figure 6.5f) and is likely due to the asymmetric
adsorption of DPP monomer on the Au(111) surface and interaction of the oxygen atom
with the substrate. The relatively high intensity of the LUMO signal is also observed at the
positions of the donor thiophene groups. For a clear electronic separation of donor and
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Figure 6.5: Characterization of a single DPP monomer on the Au(111) surface. (a) Atomistic
model of a monomer relaxed on the surface. The geometry is optimized using DFT. Atoms
colors: gray - carbon, white - hydrogen, blue - nitrogen, red - oxygen, yellow - sulfur, violet
- bromine. (b) Constant-current STM image of a monomer. Imaging parameters: U = 0.5
V, I = 50 pA, 3.5 nm x 2.2 nm. (c) Calculated STM image (the same size). (d) dI/dV point
spectroscopy of a molecule measured at the acceptor position. (e) Differential conductance
map taken at the energy of the frontier unoccupied resonance, 1V. (f) Calculated dI/dV map,
corresponding to the LUMO resonance. Calculations were performed by S. Nikipar.
acceptor regions of a single molecule a decoupling from a metallic substrate is desirable
[108], while on the Au(111) surface charge transfer between a molecule and a substrate as
well as intramolecular charge transfer play a role [109,110].
One more way to prove the intact nature of the deposited molecules is to attempt tip-
induced debromination by applying voltage pulses at the presumable locations of the Br
substituents [44,111]. For this purpose, we stabilized a tip above a molecule while sweeping
the bias voltage with a feedback loop disabled, until an abrupt change in the current signal
is obtained. We found the threshold voltage of 2.1 V for inducing structural changes in a
molecule. As shown in Figure 6.6, after such voltage pulse a round species is lying next to a
modifiedmolecule. The size and shape of both atom andmolecule speak for a successful de-
tachment of Br atom from the monomer. In some cases, the molecular shape was changed
but Br atomwas not seen around; this might be explained by the adsorption of the detached
atom on a tip [44].
In the self-assembled networks which span the large areas (Figure 6.7), the molecules are
held together by weak electrostatic interactions forming between donor and acceptor units
of the neighboring molecules. The interaction between these networks and Au surface is
relatively weak, so that the herringbone reconstruction of the underlying substrate is well
visible in the STM images. Thus, the molecules in the assemblies are physisorbed.
The size of themolecular islands varies from two rows of molecules to several tens of rows.
Small islands follow the reconstruction of the Au(111) surface, growing between the soliton
lines along the fcc sites. The larger assemblies extending over the reconstruction ridges also
align along one of the rotational domains of Au(111) [52]. The orientation of the molecules
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Figure 6.6: Tip-induced debromination of a precursor molecule. STM images of a molecule
before (a) and after applying a tip voltage pulse on the upper side of the molecule (b,c).
Imaging parameters: U = 0.5 V, I = 50 pA. Image size: 3 nm x 3 nm (a,b), 5 nm x 5 nm (c).
in these islands might be important for the further understanding of the reaction products.
It is easier to analyze their arrangement in the smallest assembly units, dimer rows. We
found that, based on the alignment of the constituent molecules, two different patterns are
formed: with a contrast in the middle between the adjacent molecules and without (Figure
6.8a). We will refer to them simply as type I and type II structures. When comparing the
line scans above these two assemblies, it is evident that the type I appears slightly lower and
narrower than type II. We attribute this discrepancy to the different nature of the conformers
making up the assemblies. As has been mentioned previously, DPP molecules can adsorb
in different conformeric forms. Because all the molecules within one dimer row seem to
look and orient similarly, we assume that each type is composed of the same conformers,
while they are different for the type I and type II. Schematically it is demonstrated in Figure
6.8c. Indeed, conformers, in which sulfur atoms of thiophene groups pointing in the opposite
directions (trans-conformers) have a longer backbone and can accommodate a larger overlap
of the Br end groups in the connecting area compared to the cis-conformers. These two
packing types appear with a similar frequency in the dimer rows, but in the larger assemblies
all the molecules seem to be arranged exclusively in the type II configuration (as can be
seen in Figure 6.7b). This implies that the trans orientation of monomers is preferred upon
adsorption on the surface. Such orientation should favor straight growth of molecular wires
after reaction activation.
6.3 On-surface reaction activation: intermediate phase
To induce the Ullmann coupling reaction, we annealed the surface first at 200 °C. Such tem-
perature is expected to be sufficient for debromination (activation) of molecular species
[34, 112, 113]. As a result of annealing, we observed the formation of ordered networks,
different from the initial self-assemblies (Figure 6.9). These networks are rather robust and
interact more strongly with the underlying substrate, which was evidenced by lateral manip-
ulation with STM tip. The majority of them grow from the step edges, or appear in the close
proximity to them. Besides that, there are many small round species, which we ascribe to
the Br atoms detached from the DPP monomers after annealing [114–117]. They appear
in the form of single atoms, small clusters, atomic wires on the terraces and along the step
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Figure 6.7: STM images of self-assembled DPP networks. (a) Overview image (80 nm x 80 nm)
showing a large extended network; red dashed line marks the hcp region of the underlying
Au(111) surface. (b) Close-up image (8 nm x 8 nm) of the island; unit cell with the parameters
a = 1.31 nm and b = 1.66 nm is shown. Imaging parameters: U = 0.5 V, I = 50 pA.
edges (black circles and ovals in Figure 6.9). Such abundance of Br atoms on the surface is a
clear sign of completed debromination of the monomers. However, at this stage we did not
observe molecular wires at the large scale. Only some short fragments are formed at the
edges of the networks (red circles in Figure 6.9b-d).
Similarly as for the case of initial preparation, some single molecules were also observed
after annealing. We compared their shape and size to the initial monomers (Figure 6.10). In
contrast to the initial monomer, which has a rhombic shape and has been already discussed
(Figure 6.5b), the monomer after annealing at 200 °C (Figure 6.10a) has a rather oval shape
with no characteristic elongations at the ends. After overlaying the two images and a little ro-
tation to align the backbone it is clear that the shape of the twomolecules is similar, only with
the latter one being devoid of the end functionalities (Figure 6.10b). These are the positions
where the Br atoms are cleaved from the initial precursor molecule. The comparison of the
line scans over the long axis of the two structures is shown in Figure 6.10c and further sup-
ports debromination of the molecules, with FWHM being equal to 2.03 nm and 1.78 nm for
the initial and annealed species, respectively. The activated molecule appears shorter and
lower in apparent height, probably also due to the slight stress release after the detachment
of Br sidegroups.
Identifying what kind of interactions hold debrominated monomers together in the net-
works is crucial for the understanding of the on-surface reaction flow. For this purpose, we
analyzed their preferred positions, unit cell of the networks as well as bonding distances be-
tween themolecules (Figure 6.11). As already mentioned, these networks are predominantly
present near the step edges. There are even sometimes large terraces of the sample almost
free from any molecules, only covered with Br atomic wires. Thus, debrominated monomers
tend to diffuse to the step edges to participate in the two-dimensional networks. Secondly,
the unit cell of the network is smaller than for the initial assemblies: the parameters are a =
1.27 nm, b = 1.33 nm (compared to a = 1.31 nm, b = 1.66 nm). By measuring the distance be-
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Figure 6.8: Packing of DPP molecules in the self-assembled dimer rows. (a) STM image show-
ing two types of dimer rows: type I (left) and type II (right). The dimer row in the middle is
characterized by the transition from type I to type II. Imaging parameters: U = 0.5 V, I = 50
pA, 50 nm x 30 nm. (b) Line scans taken perpendicularly to the growth direction of two types
of the dimer rows. (c) Tentative model of the molecular arrangement in these assemblies.
tween the ends of the monomer units we found that it equals to 4 Å, which is approximately
twice the size of the C-Au bond [115,118]. These arguments point to the Au atommediation
in the networks. To check this assumption, we performed dI/dV spectroscopy at different
positions of the network (Figure 6.11b,c). We found that the spectra taken in the connection
area between the monomers are characterized by an increased signal at negative bias range
exceeding even the signal obtained on the terrace of Au(111) surface. This feature is known
as surface state localization and is typical to the adatoms on metal substrates [119,120].
The release of Au atoms off the surface can be induced by several factors and might lead
to the mediation of the molecular systems. The atoms are easier released from the step
edges [121], but can also be extracted from the terraces. In this case, the reconstruction
of the Au(111) surface is lifted, which can be evidenced directly from STM images. The
effect of reconstruction lifting has been observed for a number of systems, such as thio-
lates [122–125], pyridine-functionalized porphyrins [126] and some other molecules con-
taining electronegative atoms [83,118,127–129]. Most of them are sulfur- or oxygen-based,
which provides a high withdrawing ability. In each DPP molecule, two sulfur atoms and two
oxygen atoms are present in donor and acceptor parts, respectively. Quantitatively the ef-
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Figure 6.9: Overview STM images of the surface after the annealing step at 200 °C. Ordered
molecular networks tend to grow from the step edges. Black circles outline some of the
positions, where Br atoms form small clusters and wires. Red circles mark fragments of
molecular wires growing from the edges of the networks. Imaging parameters: U = 0.5 V,
I = 20 pA, 80 nm x 80 nm.
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Figure 6.10:Monomer activation after the thermal treatment of the sample. (a) STM image of
the activated molecule after annealing at 200 °C. (b) STM image of the precursor molecule
overlayed with the previous image; image (a) is slightly rotated to fit to the orientation of the
precursor molecule. Both images: U = 0.5 V, I = 50 pA, 3.5 nm x 3.5 nm. (c) Line scans over
the long axis of the initial monomer (black line) and the activated monomer (red line).
fect of reconstruction lifting can be measured as the distance between the soliton lines. We
compared these distances for the cases of a clean surface, after deposition of DPPmolecules
and after annealing at 200 °C (Figure 6.12). As can be seen in Table 6.1, soliton separation
increases distinctly already after adsorption of themolecules and evenmore after annealing.
Table 6.1: Soliton separation of Au(111) surface at different stages of the sample preparation.
Thus, many Au adatoms are released at this stage and can mediate the monomers - the
consequence of the molecular adsorption, amplified by annealing of the surface. Although
the thermal treatment (annealing step) facilitates the involvement of Au adatoms into molec-
ular structures coordination [126], it has also been observed already at room tempera-
ture [117, 120, 130]. In fact, after initial deposition of DPP molecules, a very small amount
of dimer structures, which are supposedly metal-coordinated, was formed. They are sta-
ble under lateral manipulation, resemble the shape of two singly-debrominated monomers
(which was previously shown by controllable voltage pulsing, Figure 6.6), and have an inter-
molecular distance corresponding to the double C-Au bond (Figure 6.13). The frequency of
appearance of these structures was, however, very low. This is due to the fact that for the
realization of such architectures, the two processes, debromination and release of Au atoms,
that are unlikely to happen at room temperature (however possible [44, 131]), have to take
place at the same position of the sample. Annealing, on the other hand, facilitates not only
the activation of the mentioned processes, but also the diffusion of the molecules.
Generally, organometallic systems as an intermediate phase of Ullmann coupling reactions
have been widely observed on silver and copper surfaces [47,132–134]. In contrast, on gold,
this step is usually omitted as the activated monomers form covalent molecular structures
straight away [135]. There are only a few literature examples of stable organogold systems
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Figure 6.11: The networks formed after annealing at 200 °C are mediated by Au adatoms.
(a) Zoomed-in STM image of a network with a unit cell outlined (left) and a tentative model
overlayed (right). Yellow circles denote Au atoms. Imaging parameters: U = 0.5 V, I = 70 pA,
5 nm x 5 nm. (b) STM image of a small network with the crosses marking the positions for
the spectroscopy measurements shown in (c) (U = 0.5 V, I = 50 pA, 20 nm x 7.8 nm). (c)STS
on the network provides additional evidence for the adatom coordination of the monomers:
the blue curve measured in the area between the monomers shows the signal characteristic
for the surface state localization.
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Figure 6.12: STM overview images of the Au(111) surface at the different stages of the sample
preparation to demonstrate the effect of reconstruction lifting. (a) Clean surface free of any
adsorbates (the lower terrace is darkened for a better contrast); imaging parameters: U =
0.5 V, I = 50 pA. (b) Surface after the deposition of DPP molecules; U = 0.5 V, I = 24 pA. (c)
Surface after annealing at 200 °C; U = 0.5 V, I = 29 pA. The black arrows denote the distances
between the soliton lines which were measured. All images: 80 nm x 80 nm.
formed after annealing of halogenated molecular species on the gold surface [115,117,118,
136]. We believe that in the case of DPP molecules such atypical behavior is facilitated by
the donor-acceptor nature (i.e. withdrawing ability) of the deposited molecules, which allows
the release of Au adatoms to mediate the activated monomers.
6.4 On-surface reaction completion: molecular wires
To finalize the reaction and convert organometallic networks into molecular wires, we an-
nealed the surface oncemore at 260 °C. As a result, both short and long wires were obtained,
depending on the surface coverage (Figure 6.14). Short wires comprise several monomers
(up to five), while the long wires extend over 100 nm (corresponding to approximately 70
repeat units), and their length seems to be only limited by the steric effects of the surface.
The high degree of entanglement is presumably due to the hydrogen bonding between the
neighboring wires. High flexibility of the monomers leads to the formation of a wide range
of different geometries and kinking motifs, including fully-closed ring structures. After this
annealing step, all Br atoms desorbed from the surface.
Themutual orientation of the monomers in the wires might be important for the transport
properties, but it is practically difficult to assign a certain pattern to a particular wire based
on STM images. Therefore, we had to perform some extra analysis and simple modeling to
match every possible linking pattern to the geometric parameters (such as distances and
angles), which can be inferred from STM images. Despite the overall flat geometry of the
DPP monomers and molecular wires formed after annealing, methyl groups at the opposite
ends of diketopyrrolopyrrole core protrude higher above the surface, as is typical for the flat
molecules [137,138]. This leads to a slightly higher contrast at their positions when imaged in
non-resonant regime, which can be amplified after applying Laplace filtering to STM images.
This is demonstrated in Figure 6.15 for the challenging case of zig-zag pattern, where two
models of monomers orientation can be assumed from geometrical considerations (with
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Figure 6.13: Sequence of lateral manipulation of Au-mediated dimer formed after initial de-
position of DPP molecules. The upper molecule appears brighter due to its adsorption on
the elbow site of the Au(111) surface. Red arrows mark the direction of a tip during lateral
manipulation procedure. Imaging parameters: U = 0.5 V, I = 50 pA. Manipulation parameters:
U = 0.01 V, I = 2 nA.
the relative perpendicular orientation of the monomers). Using methyl groups as markers,
it is possible to unambiguously determine the orientation of the diketopyrrolopyrrole core
and thus the whole monomer in a wire. This leaves only one possible orientation, which is
shown in Figure 6.15 for the enlarged part of the image. Similar procedure can be applied
to any well-resolved STM image.
To account for all the possible linking motifs between the monomers, it is useful to con-
sider the dimer structures (Figure 6.16). Such analysis was performed by F. Günther from
Helmholtz-Zentrum Dresden-Rossendorf to determine the distribution of conformers in the
experiment [139]. By considering trans and cisorientations for both intermolecular thiophene-
thiophene connection and intramolecular diketopyrrolopyrrole-thiophene part, six unique
dimer structures can be obtained, as shown in Figure 6.16. The notations for them are small
"t" or "c" for the trans or cis monomers orientation, respectively, and similarly, large "T" or
"C" for the connection orientation. The outer thiophenes are removed for simplification. The
whole length of any polymer can be broken into such dimers to reveal the full monomers
structure.
Using this approach, any wire geometry can be matched with a definite monomer se-
quence. The examples of such matching are shown in Figure 6.17. Straight growth of the
wires is promoted mostly by trans-oriented monomers ("t"), which can be connected either
in trans ("tTt") or cis ("tCt") manner. The former ones constitute approximately the half of all
dimer structures, while the latter ones account the quarter. The zig-zag kinking of the wires
is achieved by "cCc" structures, which make up around 13 %. The other three patterns are
rather rare. In general, out of all monomers approximately 80 % are found in trans orienta-
tion, i.e. with oxygen atom of DPP unit facing away from the sulfur atom of the neighboring
thiophene. This result is in a good accordance with a tentative model of monomers orien-
tation in the self-assembled networks after the deposition (Figure 6.8), where we assumed
that networks of type II (which constitute a vast majority) are composed of transmonomers.
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Figure 6.14: Overview STM images of molecular wires formed after annealing the surface at
260 °C. Low surface coverage leads to the short several-monomer wires (a), where DPP1
corresponds to a single debrominated molecule and DPP4 - to the wire consisting of four
repeat units. The areas with high coverage promote growth of long spaghetti-like molecular
wires (b). Both images: U = 0.5 V, I = 50 pA, 80 nm x 80 nm.
6.5 Electronic properties of molecular wires
An effective way of studying electronic properties of molecular wires is dI/dV spectroscopy
to identify the resonances and subsequent dI/dV mapping to determine the localization of
the states. Alternatively, STM imaging at different bias voltages can serve as a reference,
because the contrast in STM is formed as a combination of topographical and electronic
effects. When the applied voltage matches the resonance of the wire, the contribution of
the electronic effects is amplified, and the fingerprint of the resonance is reflected in the
image. When, however, the applied bias lies in the HOMO-LUMO gap of the wire, mostly to-
pographical properties contribute to the final image. To demonstrate this, wemeasured STM
images of the wires at different bias voltages (Figure 6.18). Similarly as in the previous section,
Laplace filtering is used for the accentuating the areas with the strongest signal. By imaging
at 0.5 V, the highest contrast is observed at the two side positions of each monomer unit,
which correspond to the methyl groups, as described previously (Figure 6.18a). Measuring
the same wire at other voltages gives a slightly different picture: for example, at 1 V (Figure
6.18b) monomer units are not so pronounced, which hinders their direct identification. By
looking at the Laplace-filtered image one can still observe protrusions at the positions of the
methyl groups, however, there are also some additional protrusions between them, which
correspond to the electronic resonant contributions. Similarly, for the negative side of bias
voltage, imaging at -0.85 V results in a different picture with new features (Figure 6.18c).
To identify precisely the positions of electronic resonances and their spatial localization,
we performed dI/dV spectroscopy and mapping measurements. In contrast to the initial
monomers, we were able to identify both filled and empty states of the molecular wires. The
frontier unoccupied resonance (which we again assign for convenience to LUMO) was found
at the same voltage as for the precursor, at approximately 1V (Figure 6.19a,b). At the same
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Figure 6.15: Assignment of themonomer units to the wire geometries. (a) STM image with zig-
zag linking motif in the upper part. Imaging parameters: U = 0.1 V, I = 50 pA, 10 nm x 10 nm.
(b) Laplace filtering of (a) reveals the positions of the highest contrast, which correspond to
the methyl groups (marked by arrows). (c) Zoom-in of an area marked by a yellow dotted line
in (b) with the monomers overlayed.
Figure 6.16: Possible orientations of the dimer structures based on the trans or cis configura-
tion of constituent monomers and intermonomer linking motif.
time, the filled frontier resonance (referred to as HOMO) was observed at -0.38 V, giving the
value of experimentally measured HOMO-LUMO gap of 1.38 V. The separation between the
frontier resonant states is an important characteristic for organic polymers and molecular
wires, as it mostly determines the performance of the organic electronic devices as well as
conductance of the molecular wires. Such low value of the gap is achieved by the combina-
tion of the donor and acceptor moieties in one system. Further electronic resonances were
detected at -0.85 V and 1.5 V for the filled and empty states, respectively. The change in
coupling between the molecules and the substrate after the thermal treatment enabled the
detection of the filled states resonance.
To determine the exact localization of the frontier and empty states on themolecular wires,
we performed differential conductance mapping at the resonance voltages (Figure 6.19c-e,
top row). For this purpose, we selected a straight molecular wire. As can be seen from
Figure 6.19, the HOMO resonance lobes are localized at the edge of the wire and present
rather small round features. At the same time, LUMO lobes stretch across the wire’s growth
direction. Using the simple monomers fitting model described above, we can overlay a
certain monomer sequence on the image to understand the localization of the observed
resonances with regard to the atomic positions in the monomers. From that, we inferred
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Figure 6.17: STM images of the molecular wires with the overlays of different conformeric
dimer structures. Imaging parameters: U = 0.1 V, I = 50 pA, 10 nm x 10 nm (a),
15 nm x 15 nm (b).
that the lobes corresponding to the LUMO resonances are concentrated in the regions of
thiophene (donor) groups of the neighboring monomers. Each round lobe corresponds to
one thiophene moiety, with symmetric patterns representing the case of trans-linking of the
monomers (sulfur atoms point in the opposite directions) and asymmetric ones – cis-linking
(sulfur atoms point in the same direction). As for the HOMO resonances, they are localized
at the edges of the wires, corresponding to the positions of oxygen atoms, which are the
most electronegative parts of the wires. The further resonances, HOMO-1 and LUMO+1
(not shown here) are localized at the same areas as their predecessors but are less sharp
and pronounced.
Theoretical calculations of dI/dV maps, performed for a straight piece of a wire, are in a
good accordance with the experimental results (Figure 6.19c-e, bottom row). For simplifica-
tion, we considered the case of the identical monomers linking in trans-configuration, which
does not fully coincide with the experimental linking motif. This explains some slight devia-
tions of the relative positions of the lobes in the calculated dI/dV maps.
6.6 Conductance of molecular wires
We investigated the conductance of molecular wires using the pulling technique, introduced
in the beginning of this chapter. In the following, experimental details will be given along with
the obtained results and their analysis. Furthermore, we performed complex band structure
calculations to support the experimental findings and also to compare the conductance of
the investigated wires to some other model systems, with the focus on donor-acceptor poly-
mers.
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Figure 6.18: STM images of a straightmolecular wiremeasured at different bias voltages along
with the Laplace-filtered images showing the areas with the increased signal. Imaging param-
eters: I = 100 pA, 25 nm x 100 nm, U = 0.5 V (a), 1 V (b), -0.85 V (c).
6.6.1 Experimental protocol
Experimental implementation of the STM pulling technique is rather sophisticated. First of
all, very high mechanical stability of an STM junction is required to allow the stepwise lifting
of a wire from the surface and simultaneous monitoring of tunneling current. Then, the
contact point should be clearly defined to obtain reliable and reproducible pulling curves.
Although it was practically possible to pull the wires at multiple positions, we always took
into account only the tries, in which a tip contacts an endpoint of a wire. Pulling distance
has to be at least of the length of two monomers in order to reflect on the transport along
the wire. This condition was the main limiting factor for the experiment, since in most cases
a wire is detached from a tip already after being pulled 2-3 Å away from the surface. We
also investigated an influence of the pulling speed on the success rate, but found no evident
correlation. Another important prerequisite is metallicity of a tip, since it serves as one of the
electrodes for the conductance measurement.
Practically, in a pulling experiment the STM tip is brought down to a certain position of
a wire (endpoint in our case), while the feedback loop is disabled. Formation of a contact
between a tip and a wire is evidenced by an abrupt increase in current. Molecular wire
bridges two electrodes, which leads to increased conductance of the junction as compared
to the case of a vacuum junction. By imaging the same area before and after pulling another
proof of a successful try can be obtained: the relative position of a wire is usually changed
after lifting. In some cases, complete detachment of the wire from the surface is possible.
This usually happens to short wires, which often stay on a tip after pulling.
All the experiments were performed at the bias voltage of 0.1 V, which corresponds to the
case of non-resonant tunneling. It has been previously shown that conductance of donor-
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Figure 6.19: Electronic structure of a molecular wire. (a) STM image of a straight fragment
of a molecular wire, imaging parameters: U = 0.5 V, I = 100 pA, 2.5 nm x 9.2 nm. (b) dI/dV
spectra measured at the positions marked with the crosses of the corresponding color in
(a). (c-e) dI/dV maps recorded at the bias voltages corresponding to the resonances of a
wire: -0.85 V, -0.38 V and 1 V, respectively (top row) and the corresponding calculated dI/dV
maps (bottom row). A small deviation of the experimental and theoretical images is due to
the slightly different sequence of the monomers used. (f) Atomistic model of a straight wire
fragment used for the calculations. Geometry is optimized using DFT.
acceptor wires does not depend on the bias voltagewithin theHOMO-LUMOgap [82]. There-
fore, due to the complexity of the pulling technique, we limited observations to the single bias
value. Pulling time was chosen in the range 10 - 15 seconds, while the tip retraction distance
was usually 30 - 50 Å. A typical tip vertical displacement curve is shown in Figure 6.20.
6.6.2 Pulling curves analysis
Analysis of the measured pulling curves is challenging due to the large amount of irregulari-
ties and oscillations in the current signal (an example of such a curve is shown in Figure 6.21).
Although the general trend of exponential current decrease with length is normally followed,
these large oscillations hinder determination of the true slope by providing a noisy back-
ground. The reason is that the high flexibility of the wires leads to conformational changes
during the pulling. σ-bonds connecting donor and acceptor units within a monomer as well
as different monomers allow rotation of the wire segments. A similar behavior has already
been observed for polythiophene [80] and thiadiazole-based donor-acceptor wires [82]. It
has been shown that stretching of a wire during lifting may lead to an increased conduc-
tance because of enhanced conjugation. On the contrary, pulling curves of rigid graphene
nanoribbons are smooth [81]. The detachment of each monomer off the surface is also
characterized by a smooth extremum in the current signal, observed also for the case of
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Figure 6.20: Vertical position of a tip as a function of time during the pulling experiment. Black
arrows show the motion during approach and retraction. Initial position of a tip is taken as
zero.
polyfluorene wires [79]. These points are located at the distance corresponding to the length
of a monomer in a wire, which eases their identification. They are crucial for setting a trend
line to determine the slope of a curve. Another source of irregularities in the current signal
might be the complex structural composition of the wires, i.e. presence of sulfur and oxygen
atoms, which are known to have a strong affinity to gold [140].
In order to obtain reliable results, we defined the criteria for the lifting attempts and their
respective curves to be considered for analysis:
• a tip is metallic before pulling and is not functionalized afterwards (as determined by
imaging)
• a wire is pulled at a distance large enough to determine the slope from the extrema
• a wire is contacted at one of its ends
• oscillations corresponding to detachment ofmonomer units from the surface are clearly
visible.
A characteristic pulling curve along with the STM images of a wire before and after manip-
ulation are presented in Figure 6.21. In this example, a short wire is moved to the right after
pulling (small molecular cluster in the upper left corner can be used as a guide to the eyes).
As such short wires very often remain on a tip after pulling, we also tried to lift long wires.
However, as shown in Figure 6.14b, the long-wires phase is characterized by a high degree
of entanglement. To separate a single wire from a bundle, we therefore used STM lateral
manipulation. It is usually enough to separate only the part which is to be lifted, because
conductance is measured between two electrodes: tip and gold surface. Other examples
of pulling curves are shown in Figure 6.22. In particular, the cumulative curve (Figure 6.22b)
demonstrates, that the current traces obtained by pulling different wires possess a very sim-
ilar slope, thus justifying reproducibility of the method.
As a result of thorough analysis of the pulling curves, we found that the inverse decay
length β of the DPP wires is (0.17 ± 0.04) Å–1. This value is one of the lowest among the all
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Figure 6.21: Pulling experiment with a molecular wire. STM images of a wire before (a) and
after (b,c) lifting prove the change of a position of the wire on the surface. In (c), the same
wire is imaged in the middle. (d) Characteristic pulling curve. The slope of the current vs.
tip height curve in logarithmic scale gives information about the inverse decay length of a
wire. Detachment of a monomer from the surface is accompanied by an increase in current:
distance between the dashed lines corresponds to the size of onemonomer. In the tip height
axis 0 corresponds to the starting position of the tip, positive side relates to the motion of
the tip in the direction of the sample (approach), while negative – away from the surface
(retraction). All STM images: 10 nm x 10 nm, I = 50 pA, V = 0.1 V.
studied molecular wires and indicates high conductance of the DPP-based donor-acceptor
wires. Notably, the obtained β value is also slightly lower than the one for the case of bis-
benzothiadiazole acceptor and thiophene donor, which equaled to (0.21 ± 0.06) Å–1 [82].
Thus, we conclude that even though diketopyrrolopyrrole is a weaker acceptor, which is con-
firmed by a higher-lying LUMO level, it is more effective for the charge transfer in combina-
tion with bis-thiophene donor. This can be explained by a lower effective mass of tunneling
electrons and will be discussed in the following using simulation results.
6.6.3 Theoretical support: complex band structure calculations
To support the results obtained experimentally and determine the role of m∗ and Eg in con-
trolling β(EF ), we performed the calculations of the complex band structure (CBS) of the
molecular wires in the tunneling configuration using a semi-empirical extended Hückel ap-
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Figure 6.22: Additional pulling curves. (a) Pulling curve with the distance between the peaks
of around 10 Å. Plateau in the current signal in the beginning of tip retraction corresponds
to the limit set on the preamplifier (100 nA). (b) Pulling curves of different wires plotted on
the same graph are characterized by a similar slope, despite large oscillations.
proach [84]. Complex bands correspond to the decaying Bloch states and thus can be used
to describe the conductance length dependence of molecular wires [141]. Direct connection
between the complex Bloch states and transmission eigenvalues has been recently shown
for a number of semiconductor and molecular junctions [142]. Thus, considering the bands
around the Fermi level, which correspond to the slowest decaying Bloch states, one can ex-
tract the decay factor as well as the energy gap of the molecular wires. The effective mass of
tunneling electrons can then be calculated using a two-band model with Equation 6.2. We
determined these parameters for the DPP-based wires, as well as for some other character-
istic or well-studied molecular wires, with the focus on donor-acceptor systems.
The complex valued band structures andm∗(E) were calculated according to the scattering
theory applied to electronic transport through a periodic system and showing an electronic
band structure with gaps separating its bands. Real k gives rise to the E(k) band structure
of the mono-electronic Schrödinger equation, well characterized in terms of scattering by
a T (E) = 1 transmission coefficient in the bands energy range. But the general solution
of this Schrödinger equation involves a complex valued k(E) = μ + iq(E) vector [143]. For
the imaginary part q of the k vector (for example, between 2 bands), the dispersion rela-
tion has almost the form of a paraboloid. Details of the generalization of this calculation in
the valence-conduction band gap of a molecular wire are given elsewhere [84]. We solve
this complex valued band calculation problem by using the spatial propagator directly cal-
culated from the mono-electronic Hamiltonian of the molecular wire. The propagative and
evanescent electronic modes, which are guiding the electrons along the wire, are obtained
by the diagonalization of this propagator. After calculating the matrix elements of the spatial
propagator on the selected molecular orbital basis set, the λ(E) eigenvalues of this matrix
are given by the standard Kramers equation. Putting λ(E) = exp(ik(E)) with k(E) = μ(E) + iq(E),
the Kramers equation is solved by calculating the complex valued E(k) roots. We used here a
semi-empirical full valence extended Hückel Hamiltonian to describe the electronic structure
of the unit cell of a given molecular wire. The effective mass m∗ was calculated by fitting q(E)
in the gap between the conduction and the valence bands E(k) of the considered molecular
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wire by a paraboloid for this two-bands structure. At the Fermi level m∗ is the curvature of
this paraboloid [84].
Before calculating the band structure, we optimized the geometry of each monomer, ter-
minated with hydrogen atoms, in the gas phase. This is justified since during the pulling
transport happens through a wire suspended between a tip and a surface. Then, after re-
moving the outer hydrogens, the unit cell for an infinite molecular wire is defined. Although
the twisting and rotation of the wires inevitably occur during the pulling experiments, during
the calculations we employed the planar geometry for the sake of simplicity, unless oth-
erwise stated. In this way, conductance of different wires can be compared in the same
configuration, reflecting purely on the material property. Out of the obtained band struc-
tures we selected and analyzed only the parabolic parts, centered around the Fermi level,
as they represent the dominant transport channel [142]. An example of the complete band
structure, including real and complex parts, calculated for the well-studied polythiophene
molecular wire, is shown in Figure 6.23. While the x-axis representing the wave number is
simply marked ’k’ in this graph, it is obviously different for the complex and real parts. For the
complex part, which is of particular interest for us, it is already adjusted such that it corre-
sponds to decay factor (multiplied by 2, as β = 2k [141]) to allow direct extraction of β from
the calculated bands.
Figure 6.23: Band structure calculation for the case of a polythiophene molecular wire. (a)
Full band structure including complex and real parts. (b) Complex band from around EF is
extracted, and its square is fitted with parabolic function of energy in the region of the band
gap. q denotes the imaginary part of a wave vector.
The results obtained for the DPP-based molecular wires as well as for the other systems
(that will be discussed later) using the procedure described above, are summarized in Table
6.2. We extracted the inverse decay length β(EF ) as a wave number of the complex band
at Fermi energy and an energy gap Eg as a width of this band. Then, using Equation 6.2, we
calculated the effectivemassm∗ (for convenience, in the followingwewill use a dimensionless
parameter m∗/m0). We will discuss these parameters and relation between them for the
different monomers.
We performed the calculations for the DPP wires in two different orientations. Although
there are multiple possibilities for the mutual orientation of the monomers in the wires, we
limited our considerations to only two idealized cases, which facilitate the straight growth of
the wires, prerequisite also for the pulling experiments. Both of the considered cases imply
trans-linking of the monomers, but differ by the relative orientations of the sulfur and oxygen
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atoms of the donor and acceptor units, respectively, i.e. have either trans- (dpp1 in Table 6.2)
or cis- (dpp2) oriented monomers. All monomers within one wire are assumed to be of the
same kind. Interestingly, we found that β is slightly different for the two orientations of a DPP-
based molecular wire: 0.17 Å–1 for the trans-monomer and 0.19 Å–1 for the cis-monomer.
Thus, the type of conformers composing a wire does play a role. Notably, the more conduc-
tive trans-configuration of a monomer has been adopted by a vast majority of the molecules
on the surface. Based on the orientation analysis (Figures 6.16, 6.17), we found that it is
approximately 4 times more probable than another one, cis-configuration. Therefore, the
decay factor, determined from the complex band structure calculations, is in a good agree-
ment with the experimental value, obtained with the STM pulling technique. It is also slightly
better than for the bisthiadiazole-based acceptor combined with the same thiophene donor
(tdz1, only one unique orientation of a monomer). The experimentally measured value for
this monomer is around 0.21 Å–1 [82]. Thus, DPP wires show the lowest decay factor among
the experimentally studied systems. The calculated effective masses are m∗/m0 = 0.40 for
dpp1 and m∗/m0 = 0.49 for dpp2. The larger Eg of the latter (Table 6.2) explains the larger
β(EF ) value.
Table 6.2: Parameters of the different molecular wires determined from the complex band
structure calculations. The markers correspond to the graphs from Figures 6.24, 6.25.
To further investigate the role of the balance between the donor and acceptor strength in
the electronic transport, we calculated CBS for a number of molecular wires with modified
donor and acceptor units. For example, by substituting the diketopyrrolopyrrole unit with
diketopentalene (dpp3) the acceptor strength is reduced, relatively to the lateral thiophene
donors. This results in almost unchanged Eg value as compared to dpp2, but an increased
m∗/m0 = 0.56, which leads to a larger β(EF ) value of 0.21 Å–1 and confirms that Eg andm∗/m0
are independent from each other. The same trend is also followed after removing the ketone
groups from dpp3 and leaving thus a fully-carbon pentalene central core (dpp4). In this case
Eg increases considerably compared to dpp3, but m
∗/m0 = 0.43 decreases, resulting in an
almost identical β(EF ). On the contrary, for TDZ-based wires (tdz1 and tdz2), the removal of
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one thiadiazole unit from tdz1 to obtain tdz2 results in the increase of both Eg and m
∗/m0.
The decay β(EF ) is accordingly increased.
Alternatively, the strength of the donor part can be modified. We increased it for the
DPP-based wire by substituting both thiophene units in themonomer with thienothiophenes
(dpp5). This leads to a decrease of both Eg andm
∗/m0, resulting in a very low β(EF ) of 0.14 Å
–1.
Similar result (with a slightly smaller Eg and similarm
∗/m0) can be obtained also for the TDZ-
based wire by attaching extra nitrogen to each thiophene group in the unit cell (tdz3). Thus,
contrary to the modification of the acceptor, increasing the relative strength of the donor
leads to better conductance of the resulting DAD wires, reflected in the unprecedentedly
low decay values.
The need of an acceptor group in the unit cell of a molecular wire can be demonstrated by
a complete removal of the unit bridging two thiophene donors. This would lead to polythio-
phene wires (th1), which exhibit moderate conductance and energy gap. The importance
of choosing the right acceptor is shown by placing a simple phenyl unit between two thio-
phenes (th2). This leads to a very small decrease of m∗/m0, while Eg is almost unchanged.
The decay β(EF ) is thus identical to that of th1 and higher than for the DAD wires (dpp and
tdz). The relatively smallm∗/m0 for these systems cannot compensate for the large Eg. Inter-
estingly, by rotating the phenyl ring in th2 out of plane, 90° relative to the thiophenes to form
th3, a significant drop of conductance is observed, with β(EF ) equal 0.44 Å
–1. Breaking of the
conjugation between the phenyl ring and the adjacent thiophene units results in a very large
m∗/m0 = 1.04. The electronic spectrum of the monomers along the wires becomes very rigid
explaining such a large effective mass [144].
Figure 6.24: Conductance decay of a number of molecular wires as a function of the energy
gap. A zoom-in of a densely packed area of the graph (a) is presented separately for the dpp-
and tdz-based wires (b).
The role of planarity can be thoroughly investigated by using the example of polyanthracene
(anthr). When a unit cell consists of twoperpendicularly oriented anthracenemoieties (anthr1),
β(EF ) is around 0.53 Å
–1, although the energy gap Eg is not too large in this case. It is the spec-
tral rigidity of the anthracene monomers, which leads to a very large m∗/m0 of 2.25. By the
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progressive rotation of every second anthracene unit in the molecular wire towards a planar
configuration, the decay β(EF ) decreases as the angle between the two anthracenes in the
unit cell becomes smaller. The effect is already evident after a 5° rotation (anthr2, 0.48 Å–1)
and is very pronounced after 15° rotation (anthr3, 0.37 Å–1). Such drastic changes are asso-
ciated with the fast reduction of m∗/m0. Notice that the further rotation of the anthracene
units cannot lead to the formation of a planar wire due to the steric hindrance.
Figure 6.25: Conductance decay for a number of molecular wires as a function of the en-
ergy gap and effective mass. All the points are fitted by the universal curve. Similarly to the
previous figure, a zoom-in from (a) is presented in (b).
The determined values of β(EF ) for the different wires can be all put on one plot. First,
when trying to plot the inverse decay length β(EF ) as a function of energy gap Eg only (Figure
6.24), it is evident that although there is some correlation, in general the decay cannot be
described only by dependence on the energy gap. Indeed, according to the Equation 6.2
and based on the discussion above, it is obvious that the effective mass m∗ also plays a role
in determining the conductance decay. In terms of the band structure, m∗ is reflected in the
curvature of the parabolic bands. Thus, the different materials with the same band gap do
not necessarily have the same conductance decay, as can be inferred from Table 6.2, for ex.,
for the case of th1 and anthr1.
To take into account the m∗ dependence on β(EF ) and adjust the abscissa values of the
graph, we multiplied the energy gap Eg by the effective mass m
∗/m0 and plotted the decay
factor as a function of this product (Figure 6.25). All the points can now be fitted by the so-
called universal curve [84]. Dependence of the β(EF ) on the product Egm
∗/m0 is following a




The on-surface synthesis approach proved to be a successful tool for the fabrication of long
molecular wires from the specifically designed donor-acceptor-donor precursors based on
the diketopyrrolopyrrole core. In the two-stage reaction, we were able to obtain atomically
precise polymers extending over a long range.
The low β value determined for the DPP-based donor-acceptor-donor molecular wires is
one of the best reported in the literature so far. Importantly, it is better than for the sim-
ilar donor-acceptor system with stronger acceptor and thus implies the importance of the
balance between donor and acceptor for the charge transport. The result obtained experi-
mentally is well supported by the theoretical calculations.
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7 5-7 rings in nitrogen-doped
nanographene molecules
In this chapter, we employ on-surface cyclodehydrogenation reaction to fabricate an or-
ganicmolecule with unique combination of five- and seven-membered rings from a nitrogen-
doped precursor. The success of this approach paves the way for a controlled synthesis of
a rich variety of non-alternant hydrocarbons.
7.1 Introduction
Polycyclic aromatic hydrocarbons (PAH), which are often regarded as nanographenes, are in-
teresting for both perspective applications in molecular-scale electronics and as model sys-
tems for studying structural and electronic properties at the atomic scale. The developments
of on-surface chemistry allow fabrication of a large number ofmolecular nanostructures with
tailored properties. In particular, surface-assisted cyclodehydrogenation reactions lead to
the formation of new aromatic rings, as has been introduced in Chapter 3 and demonstrated
for the starphene precursors in Chapter 5. Although embedding of hexagonal rings has al-
ready been successfully achieved for multiple systems, it has only recently been shown that
integration of the rings with anomalous number of carbon atoms (4, 5, 7, 8) can be also done
by on-surface synthesis starting from specifically designed precursor molecules [145–149].
The importance of this procedure can be outlined by the example of pentagons, which are
essential structural parts of both fullerenes and carbon nanotubes being responsible for
their curvature [150]. The introduction of the neighboring five- and seven-membered rings
into organic molecules is of particular interest, since it recreates Stone-Wales defects de-
scribed for carbon nanotubes [151,152], graphene [153] and recently for PAHs [154]. It has
been predicted that properties of the graphenic nanostructures can be strongly affected
by these defects, leading to the increased density of states at the Fermi level [152]. Carbon
nanotubes intramolecular junctions with 5-7 defects demonstrated rectifying behavior [151],
while graphene band structure and transport properties are expected to bemodified, affect-
ing also its reactivity [153].
On the other hand, heteroatom doping of the PAHs is an efficient way to tune their elec-
tronic and optoelectronic properties [155]. In particular, the effect of nitrogen doping has
been actively studied for graphene [156], and it resulted in improvement of catalytic prop-
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erties [157] and change of transport behavior [158]. On a submolecular scale, graphene
nanoribbons have also been successfully functionalized by using nitrogen-doped precursors
for the implementation of p-n junction [159] and tuning of the band gap [160].
We used the on-surface chemistry approach to create atomically-defined 5-7 rings in nitro-
gen-doped PAH. Starting from the precursor with perpendicularly alignedN-doped tetracene
and phenyl-substituted naphthalene (1 in Figure 7.1), we employed thermally-assisted cy-
clodehydrogenation reactions to obtain the target product 3, with a number of intermediate
species coming along the reaction path. In the following, we discuss the structural and elec-
tronic properties of the molecules at the different stages of the reaction.
7.2 On-surface reaction
To reach the target molecule, the formation of four new C-C bonds is required, as shown
in Figure 7.1. Before the complete reaction, partial cyclodehydrogenation may lead to the
intermediate species, characterized by up to three new C-C bonds. Only one such interme-
diate, with one side fully reacted and another fully unaffected, is shown in Figure 7.1 as 2.
But other configurations are also feasible, as will be shown below.
Figure 7.1: Schematic demonstration of the on-surface reaction to obtain a nitrogen-doped
nanographene molecule 3 with defined 5-7 defects from a precursor 1 through a series
of cyclodehydrogenation reactions. Intermediate species are represented by a half-reacted
molecule 2, but are not limited to this configuration. The newly formed C-C bonds aremarked
in red.
Deposition of molecular precursors on the atomically clean Au(111) surface held at room
temperature at a sub-monolayer coverage revealed the intact appearance of the molecules
(Figure 7.2a,b). Adsorbed mostly at the elbow sites of the surface reconstruction, they pos-
sess a characteristic shape with two bright features located on both sides of the symmetry
axis. These features correspond to the phenyl rings, which lead to the non-flat adsorption
geometry of the molecules. On a supramolecular scale, this resulted in the formation of
chain-like and tetrameric structures, stabilized by the non-covalent interactions. Twisting of
the phenyl rings upon adsorption is also confirmed by DFT geometry optimization (Figure
7.2d,e).
To induce the cyclodehydrogenation of the molecule, we annealed the sample stepwise
starting from 160 °C. The first structural changes started to appear after annealing at 250 °C.
Although the majority of the molecules remained unchanged at this step, there is a signifi-
cant portion of newly formed species (Figure 7.3a). Among them, we could identify several
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Figure 7.2: Precursor molecule after deposition on Au(111) surface. (a) Overview STM im-
age showing adsorption of single molecules on the elbow sites and formation of small
supramolecular structures. Imaging parameters: U = 0.5 V, I = 100 pA, 20 nm x 12.5 nm.
(b) STM image of a single molecule (-0.5 V, 100 pA, 2.5 nm x 2.5 nm). (c) Calculated STM
image (the same size). (d,e) Atomistic model of the precursor adsorbed on Au(111) surface.
The geometry is optimized using DFT. Atom colors: gray – carbon, pink – hydrogen, blue –
nitrogen.
distinct shapes. Themost abundant one resembles the appearance of the initial molecule on
one side, but is flat on the other side (Figure 7.3b). We assign it to the half-reacted species,
which underwent cyclodehydrogenation partially, forming new five- and seven-membered
rings only on one side. This corresponds to the intermediatemolecule 2 in Figure 7.1. To con-
firm this assumption, we simulated the STM image of this species (Figure 7.3c). The obtained
result is in a good agreement with the experimentally obtained image and thus confirms the
proposedmodel. Other species were also observed at this stage, with themaximum of three
new C-C bonds formed in the molecule. To elucidate the molecular structure of the inter-
mediates, we performed high-resolution STM imaging with CO-functionalized tip. The best
subatomic resolution is achieved in the constant height mode, which requires a molecule
to be flat on the surface. Therefore, this method is not applicable to the species 1 and 2,
as they have two or one phenyl rings pointing away from the surface. We found, however,
some intermediate molecules that remained stable during imaging at constant height (Fig-
ure 7.3d,e). We could thus reveal their exact molecular structure, which is not obvious from
conventional constant current STM images with a metal tip. It turned out that successful cy-
clodehydrogenation occurred in both upper positions and one lower position, leading to the
formation of two pentagons and one heptagon. This resulted in some strain in a molecular
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Figure 7.3: Annealing the sample at 250 °C leads to partial reaction of some molecules. (a)
Overview STM image showing both partially reacted and fully unreacted molecules retaining
the tetramer assembly. Imaging parameters: U = 0.5 V, I = 50 pA, 15 nm x 7 nm. (b) STM image
of a single half-reactedmolecule 2 (-0.5 V, 100 pA, 2.5 nm x 2.5 nm). (c) Calculated STM image
of this species (the same size). (d) STM image of a single molecule with three new C-C bonds
(-0.5 V, 100 pA, 2.5 nm x 2.5 nm). (e) Constant-height STM image with a CO-functionalized tip
of the molecule in (d) reveals its structure. Small bias of 10 mV is applied.
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skeleton, manifested in a discernible curvature of the rings. The least resolved part of the
molecule in Figure 7.3e corresponds to a not reacted azaacene side, which appears slightly
non-planar because of steric repulsion. At this stage, no precursors reacted completely to
form a fully-closed species 3 yet.
As a next step, we annealed the sample at 300 °C. At this point, all molecules underwent
structural changes, since no initial molecules were observed (Figure 7.4a). Moreover, the
amount of half-reactedmolecules 2 significantly decreased, as they proceeded further in the
reaction. The desired reaction product, species 3, has been formed (Figure 7.4b). However,
this was found to be not an exclusive reaction path, as some of the molecules appeared
without one of the phenyl rings after this step (Figure 7.4d). After its cleavage, molecules
adopt a fully planar configuration and thus can be well resolved in the constant height mode
with CO-functionalized tip. Contrary to the case of a molecule with three new C-C bonds,
no curvature of the rings is observed, as the stress is released through detachment of one
phenyl ring. Thus, we infer that thermal energy supplied to the half-reacted molecule 2 can
lead to both cleavage of an unreacted side and complete cyclodehydrogenation to form 5-7
moiety and thus species 3.
A reaction product presents a fully-conjugated nitrogen-doped nanographene molecule
with two embedded 5-7 combinations. The strain-induced curvature is mostly localized in
the region of the newly formed rings, as the two bright lobes corresponding to the largest
apparent height are between the pentagon and heptagon. Curved shape of the molecule is
also confirmed by the line scans: full width at half maximum (FWHM) of species 3 is evidently
lower than that of both 1 and 2. DFT optimization of the molecular adsorption confirms its
non-planarity in the upper middle region. This is the area where the formation of pentagons
and heptagons occurs.
7.3 Electronic properties
We characterized the electronic properties of the molecules at the different stages of on-
surface reaction by comparing the positions of the frontier resonances. In the precursor
molecule, we identified a resonance at the bias voltage of -0.32 V (which due its proximity to
the Au(111) surface state cannot be unambiguously declared as a molecular HOMO state)
and a shoulder kicking off at around 1.6 V for the filled and empty states, respectively (Figure
7.5a,b). Further peaks were observed at -1.76 V and 2.25 V.
When one side of a molecule reacts to form 5-7 region and the other one is undisturbed
(molecule 2), both frontier resonances shift towards the Fermi level. LUMO shift is very pro-
nounced, as the shoulder arises at around 1.2 V, which is 0.4 V closer to the Fermi level.
As for the final molecule 3, the resonance appeared not so pronounced as before (Fig-
ure 7.5c,d). Only the LUMO could be clearly identified at around 0.4 V. This is a significant
downshift in comparison to the initial and half-reacted molecules. Differential conductance
mapping of this resonance is shown in Figure 7.5e and reveals the highest contrast in the 5-7
region, which also appears higher in non-resonant STM images. It is therefore not a purely
electronic effect, but a consequence of a non-flat geometry. Unfortunately, we could not
resolve any resonances at the negative voltage side. This can be because of the low coupling
of the HOMO states to the Au(111) substrate.
Similarly to the LUMO resonance of the final product 3, we measured localization of the
frontier resonances of the other species (Figure 7.6). The map of the molecule 2 possesses
an unreacted side, which has a fingerprint of the initial molecule 1. Notably, for the half-
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Figure 7.4: Annealing at 300 °C results in the formation of the fully-reacted species 3 along
with the other reaction products. (a) Overview STM image showing different molecular
species. Imaging parameters: U = -0.6 V, I = 100 pA, 31 nm x 12 nm. (b) STM image of a
single fully-reacted molecule 3 (-0.5 V, 100 pA, 2.5 nm x 2.5 nm). (c) Calculated STM image of
this species (the same size). (d,e) Side- and top-view of the molecule adsorbed on Au(111)
surface. The geometry is optimized using DFT. Atom colors: gray – carbon, pink – hydrogen,
blue – nitrogen. (f) STM image of a single molecule with a phenyl ring cleaved on one side
(-0.5 V, 100 pA, 2.5 nm x 2.5 nm). (g) Constant-height STM image with CO-functionalized tip
of this molecule unambiguously proves the absence of the phenyl ring. Small bias of 10 mV
is applied. Laplace filtering is applied to the image to enhance its contrast.
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Figure 7.5: Spectroscopy of the molecules on different stages of the reaction. (a) STM images
of the initial 1 and half-reacted 2 molecules with the crosses marking the positions of the
dI/dV measurements. (b) dI/dV spectra acquired on the molecules from (a) show a decrease
of the energy gap in the half-reacted molecule. Color of the curves corresponds to the one
of the crosses. The green dotted curve represents a spectrum of a bare Au(111) surface. (c)
STM image of a final product 3. (d) dI/dV spectra acquired on the molecule and on the clean
surface (for reference). (e) dI/dVmapmeasured at the energy of the LUMO resonance: 0.4 V.
All STM images: U = -0.5 V, I = 100 pA, 2.5 nm x 2.5 nm.
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Figure 7.6: dI/dV maps of the frontier resonances for the molecules on the different stages of
the on-surface reaction. (a) Initial precursor molecule with two symmetric sides. The dI/dV
map is at 1.6 V. (b) Half-reacted asymmetric molecule. The dI/dV map is at 1.2 V. (c) Half-
broken asymmetric molecule. The dI/dV map is at 1.7 V. All STM images (left column): U =
-0.5 V, I = 100 pA, 2.5 nm x 2.5 nm.
reacted molecule the shape and position of the lobes on the unreacted side is the same
as for the initial one. We also mapped the frontier resonance of the half-broken molecule
(Figure 7.6c), observed at 1.7 V. This species has been shown to possess one reacted side
with a 5-7 region and one side with a detached phenyl ring (Figure 7.4). The position of the
resonance for this intermediate is almost the same as for the precursor molecule. Removal
of the phenyl ring, not π-conjugated within the molecular core, thus does not significantly
affect the electronic properties.
7.4 Summary
We have demonstrated the introduction of anomalous 5-7 rings in a single nitrogen-doped
PAH by an on-surface cyclodehydrogenation reaction. The reaction pathway goes through
a number of intermediate states, with the final product incorporating two 5-7 regions ap-
pearing in a non-flat configuration on the Au(111) surface. The exact molecular structure of
the reaction intermediates and products is confirmed either by high-resolution STM mea-
surements with a CO-terminated tip or by theoretical STM image calculations. The electronic
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properties of the species are influenced by the formation of new pentagons and heptagons
in the molecular skeleton.
The controlled engineering of atomically-precise defects in the PAHs opens the way for fur-
ther investigation of their role on the properties of the molecular systems. The understand-




8 Conclusions and outlook
The successful application of the on-surface synthesis approach to different precursor mole-
cules with specific properties studied in this work demonstrates the versatility of this tech-
nique. It can be employed for the fabrication of single molecules with atomically precise
structure and desired functional groups, as well as for more complex one- and two-dimen-
sional molecular architectures. Small modifications in the elemental and structural compo-
sition of a precursor molecule can lead to significant changes in the geometric and elec-
tronic properties of the resulting products. This of course can be used to the benefit of
the molecular-based devices and thus open up novel possibilities for the nanoscale applica-
tions. All the experiments described in this thesis were performed with a low-temperature
ultra-high vacuum scanning tunneling microscope, which combines high-resolution imag-
ing of adsorbates and surfaces with controlled lateral and vertical manipulation capabilities.
Owing to the clean and noise-free environment of a microscope, on-surface reactions could
be closely followed through all their steps.
In the first part of the work (Chapter 5), we demonstrated the functionality of an asymmet-
ric starphene molecule as unimolecular NAND logic gate. Achieved by the combination of
conventional wet and on-surface chemistry, this molecule is apparently one of the smallest
elements able to perform a Boolean function. The key for its behavior lies in the asymmetric
shape, which was predicted in the framework of the quantum Hamiltonian computing ap-
proach. It allows a stepwise development, from constructing theoretically a quantum graph
to transforming it into a molecular formula to synthesizing a molecule and testing its per-
formance. Not all predicted molecular systems can be easily tested experimentally, but this
method allows to effectively design different molecular logic gate systems. As an input, we
used single Au atoms contacted to the molecular branches. Easily available from the Au(111)
surface, they served a role of a classical input to perturb the electronic structure of the sys-
tem and cause the shifts of the electronic resonances in a controlled manner. The unique
possibilities of STMallowed to deliberately contact single Au atoms to themolecular branches
and accurately describe the response in the form of molecular resonances positions. Alter-
natively, to avoid mechanical transport of the atoms, the logic functions at the atomic scale
can be performed using passivated semiconductor surfaces. In this case, the controlled pas-
sivation and depassivation may perform the logic input function.
The second part of the thesis (Chapter 6) is devoted to the topic of donor-acceptor molec-
ular wires, which are characterized by excellent conductance properties. It is an example
of applicability of the on-surface synthesis approach to the formation of rather complex
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molecular systems. We used the Ullmann coupling reaction for the polymerization of small
monomers into very long one-dimensional structures. Due to the donor-acceptor nature
of the precursor molecules, which was inspired by the success of this combination in or-
ganic photovoltaics, we were able to observe an unexpected reaction flow: the activated
molecules first formed an intermediate organometallic phase, before joining in the covalent
wires. These wires are characterized by a high degree of flexibility, which might be crucial for
the adaptation to the different geometries of the contacts and applications on the bendable
substrates. From the electronic point of view, the wires possess a low band gap of 1.35 eV,
a characteristic typical for the donor-acceptor systems. We thoroughly investigated the con-
ductance properties of the wires, reflected in the inverse decay length parameter. With the
help of the STM tip, we could lift the wires away from the surface while continuously measur-
ing the tunneling current signal. The values, obtained both experimentally and theoretically,
are among the best reported so far. Importantly, they outperform the other investigated
donor-acceptor-donor wires. Thus, we showed the importance of the careful balance of the
relative strength of the donor and acceptor units. It is an important result as it demonstrates
how one can tune the conductance ofmolecular wires in the low-decay regime by simply sub-
stituting one group in the monomer backbone. Using complex band structure calculations,
we modeled several other donor-acceptor wires in terms of their decay and found a clear
approach for improving conductance even further. Decay values below 0.1 Å–1 could be ob-
tained in this way, almost reaching the limit for the conductance of molecular wires. Other
possibilities to improve the conductance properties include incorporation of metal atoms in
the backbone of the wires, thus creating one-dimensional organometallic systems. A suc-
cess of the fabrication methods on metal surfaces and the early emergence of on-surface
chemistry experiments on semiconductors and insulators also suggest the possibility to syn-
thesize and investigate molecular wires on non-metallic surfaces. Such developments would
recreate a more technologically relevant scenario. Overall, design of new materials and con-
trolled modification of their properties are important for the further development of the
atomic-scale technology.
In the third part of the work (Chapter 7), we again made use of the intramolecular cy-
clodehydrogenation reaction to produce a unique combination of pentagon and heptagon
rings in a single polycyclic organic molecule. The initial precursor, doped with nitrogen atom,
presents an example of a nanographene molecule, in which introduction of foreign atoms
can modulate its properties. To induce the reaction, we performed a series of thermally-
induced experiments. Although a portion of the precursor molecules lost some of their
groups after annealing, we could eventually observe fully-reacted reaction products. The
structure of the intermediate and final molecules was unambiguously confirmed by a com-
bination of STM imaging with functionalized tips and theoretical DFT modeling. This fabri-
cation strategy, when combined with the intermolecular coupling reactions, might result in
the large scale extended nanographene networks with tailored properties. In graphene, in-
corporation of non-hexagonal rings was predicted to strongly affect its electronic properties.
Therefore, both ability to fabricate such structures with atomic precision and understanding
comprehensively their behavior significantly contribute to the graphene-based technology.
In general, the results of the thesis, combined by the topic of on-surface synthesis for
molecular-scale applications, reveal an enormous potential of this approach for the fabri-
cation of the desired molecular systems. Substitution of existing silicon-based technology
with fully-molecular devices might still be a very challenging task to accomplish, but a better
understanding of the processes at the molecular scale, effective design strategies and prop-
erties modification mechanisms will undoubtedly bring us closer to this ultimate goal. If not
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molecular electronics, then hybrid devices, with only some of their components being con-
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